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ABSTRACT
Utilization of cutting fluid incorporating graphene nanoplatelets (GNP) as well as application of liquid
nitrogen (LN2) to the cutting area were investigated in drilling and turning of Inconel 718 iron-nickelbased superalloy in order to improve their machinability and reduce the use of mineral-based cutting
fluids. The methodology was developed to establish correlations between the tribological properties of
the surfaces and the role of interfacial friction on machining properties and understanding the
improvements in machining from a microstructural point of view. In addition, response surface
methodology (RSM) was employed to systematically optimized the cutting parameters. The results are
presented in two parts: In Chapter 3, a cutting fluid (CF) consisting of 70% water and 30% vegetable oil
blended with GNPs was used in order to improve drilling performance of Inconel 718 alloy. The results
showed that sliding of Inconel 718 workpiece using WC-Co drills with CF containing 54×10-5 wt.%
graphene (GCF) reduced the coefficient of friction (COF) between the tool and workpiece surfaces from
0.16 to 0.08 as a result of formation of tribolayers on the sliding surfaces. A Similar tribolayer was
observed when drilling under GCF condition which resulted in lower cutting torque and temperature,
leading to lower surface roughness and subsurface microstructural deformation compared to
conventional flooded and dry conditions. In Chapter 4, turning experiments were conducted on the
Inconel 718 using a stream of liquid nitrogen, and the effects of different cutting speed, feed rate and
depth of cut values on the response factors, namely flank wear, cutting force and R a surface roughness
were investigated. Cryogenic cutting reduced flank wear compared to dry cutting, to values comparable
to wear during flooded cutting. The results revealed that there could be an optimum set of values in
which cryogenic cutting can provide a performance equivalent to the flooded cutting. Thus, experiments
were designed according to RSM under cryogenic condition. Statistical analyses showed that cutting
speed was the most influential parameter on flank wear and cutting force during cryogenic turning and
a cutting speed of 81 m/min, a feed rate of 0.06 mm/rev and a depth of cut of 0.63 mm constituted the
optimum set of cutting parameters considered in this investigation. Higher cutting speed and feed rate
values can be used during the machining process by using a GNP-blended vegetable-based oil to shorten
the cutting time, and thus, reduce the usage of cutting fluid for production of each part. Moreover, it was
shown that complete omission of cutting fluid during the machining process would be feasible by
employing cryogenic cutting. Liquid nitrogen evaporates after contacting the tool and workpiece
surfaces leaving no contamination which eliminates the cleaning, recycling, and deposal costs after the
machining process.
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INTRODUCTION

Superalloys are used in demanding industrial applications ranging from aircraft components
such as jet engine and chemical and petrochemical equipment to medical, and nuclear parts [1].
It is their special combination of mechanical properties, such as high strength at elevated
temperatures, high corrosion resistance, excellent thermal fatigue properties and thermal
stability [2] that have made these alloys favorable for such a wide range of modern engineering
applications.
However, superalloys are considered as difficult-to-cut materials. The fact that superalloys
retain their strength at elevated temperatures, which normally softens steel, results in high
cutting force. Given that almost all the cutting energy converts to heat in machining as a result
of friction at the tool-chip interface, high cutting temperature generates during cutting of these
alloys and low thermal conductivity of superalloys entraps the generated heat in the cutting
area. Consequently, high cutting force and temperature result in high adhesion and dissolution
wear on the cutting tool [2, 3] and reduce the machined surface quality [4-6] in terms of
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increasing surface roughness. Presence of abrasive carbides in superalloys, on the other hand,
promotes abrasive wear of the cutting flank and rake faces of the cutting tools.
Generally, it has been shown that application of cutting fluid during the cutting process
improves machinability of alloys by increasing tool life [7] and decreasing cutting temperature
[8] and adhesion of workpiece material to the cutting tool [9]. There are various types of cutting
fluids utilized in machining processes [10]:
1. Straight oils, including mineral and vegetable oils typically used for low temperature
cutting processes conducted at low speeds.
2. Soluble oils, a mixture of oil and water and additives which are generally used when higher
speeds are used.
3. Semisynthetic fluids, made of chemical emulsions mixed with mineral oil and diluted in
water.
4. Synthetic fluids, chemicals with additives, diluted in water, and containing no oil.
Almost 80% of the cutting fluid consumption worldwide is mineral-based cutting fluid [11].
This is because of its high lubrication efficiency resulting in high quality machined part, making
it favorable for the production managers and machinists. However, there are some concerns
over use of mineral-based cutting fluids during the cutting process. It has been reported that
80% of all occupational infections of the operators were due to skin contact with the cutting
fluids [12]. The International Agency for Research on Cancer (IARC) has reported that
heterocyclic and polyaromatic rings existing in petroleum-based cutting fluids are carcinogenic
[13]. For this reason, the Environmental Protection Agency (EPA) has special requirements
regarding storage and disposal of mineral-based cutting fluids.
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Consequently, the current trend in metal cutting process is towards using ‘green machining’ in
which either the mineral-based cutting fluids are being replaced with eco-friendly cutting fluids
or dry cutting approaches are implemented [14]. Vegetable-based cutting fluids are introduced
as an alternative to mineral-base oils. However, the efficiency of these kinds of cutting fluids
need to be improved. Addition of nanoparticles to the vegetable-based fluids are used to
improve their lubrication effects so that friction in the tool-chip interface decreases. Cryogenic
cutting which cools down the primary and secondary cutting areas, on the other hand, could be
used as a clean cutting method in which no cutting fluid is used, while achieving the results
comparable to those of conventional flooded cutting.
1.1. RESEARCH OUTLINE
In Chapter 2, superalloys history and metallurgical properties are presented in Section 2.1. Also,
metal cutting principles, namely orthogonal and oblique cutting models, chip types and
formation mechanism and cutting force and temperature as well as turning process principles
are given in Section 2.2. Then, the problems in machining of superalloys are discussed and
previous studies on the methods for addressing these problems, namely addition of
nanoparticles in the cutting fluid as well as use of liquid nitrogen in cutting of superalloys are
summarized in Section 2.3.
Chapter 3 investigates the tribological behaviour of Inconel 718 against WC-Co using different
concentrations of graphene in cutting fluid. The relationships between tribological behaviour
of surfaces and the drilling parameters were studied. For this purpose, drilling tests were carried
out on Inconel 718 to evaluate the effect of graphene nanoplatelets (GNP)-blended cutting fluid
on the machining performance of Inconel 718. The main objective of pin on disk and drilling
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tests in this chapter was to examine whether the formation of tribolayers could play a role in
reducing the cutting torques, tool wear and surface roughness of the drilled holes through
tribological and material characterization approaches. In addition, this chapter attempts to make
a connection between improvement of the machining performance of Inconel 718 by formation
of tribolayer on the tool surface and the workpiece subsurface microstructural deformation
during the drilling process.
Chapter 4 summarizes the results of cryogenic cutting of Inconel 718 during a turning process.
This chapter is presented in two parts i.e. comparison of effect of cryogenic cutting with flooded
and dry conditions, aiming to determine whether any improvements in machinability of Inconel
718 would achieve by application of liquid nitrogen (LN2) to the cutting area. For this purpose,
the turning tests were done at different cutting parameters (cutting speed, feed rate and depth
of cut) and the resulting flank wear, cutting force and Ra surface roughness were compared with
the observations from flooded and dry cutting. The main objective of this part was to evaluate
the effectiveness of application of LN2 to the cutting area in increasing the machinability of
Inconel 718 so that it will be comparable to conventional flooded cutting. In the second part,
statistical analysis and multi-response optimization using desirability function of RSM were
employed in order to investigate the effect of cutting parameters on the response factors, namely
flank wear, cutting force, Ra surface roughness and material removal rate (MRR) and determine
the optimum cutting parameters in cutting under cryogenic condition. Thus, cutting speed, feed
rate and depth of cut were selected as cutting parameters each in five levels.
The practical objective of this research was to evaluate and improve implementation of
alternatives to mineral-based cutting fluids, namely addition of GNP to a vegetable-based
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cutting fluid as well as application of LN2 to the cutting area. The scientific objectives included
development of a methodology whereby the relationships between the surface and subsurface
properties of the materials and their machining performance could be correlated. This
constitutes a relatively new approach of conducting sliding tests and using its results in
determining the underlying reason of improvement of machinability of Inconel 718 using GNPincorporated cutting fluid.
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LITERATURE SURVEY

2.1. AN OVERVIEW OF SUPERALLOYS
Superalloys were developed in early 20th century in response to the need for a stronger and
more corrosion resistant materials capable of withstanding creep and impact loads at the high
temperatures of hot section of gas turbines [1]. Iron-nickel based superalloys were derived from
stainless steels which were used extensively before introduction of superalloys. Other types of
superalloys were then developed by addition of nickel and cobalt [2]. Today, superalloys are
divided into main three groups: iron-nickel-, nickel-, and cobalt-based alloys. Table 1 presents
typical composition of each type of superalloy. Figure 1 shows an overview of the improvement
of creep service life of Ni-based superalloys in terms of the amount of temperature for 100 h
creep life at 137 MPa load in the form of wrought, conventionally cast, directionally solidified
and single crystal structure.
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Table 1 Typical composition of iron-nicke-, nickel- and cobalt-base superalloys [1].
Alloy
Composition, %
Cr

Ni

Co

Mo

W

Nb

Ti

Al

Fe

C

Other

21.0

32.5

-

-

-

-

0.38

0.38

45.7

0.05

-

16.0

76.5

-

-

-

-

-

4.5

3.0

0.03

-

28.0

-

49.0 -

-

-

-

-

21.0

0.12

-

Iron-nickel-base
Incoloy 800
Nickel-base
Haynes 214
Cobalt-base
UMCo-50

Figure 1 Historical development of high temperature superalloys [3].

Metallurgical Structure and Properties of Superalloys
Figure 2 shows an optical image of grain structure of Inconel 718 superalloy. Superalloys
generally have the matrix of fcc structure which is denoted as γ which is a solid solution of Ni,
Co, W and Cr, with hard precipitates of Ni3Al, Ni3(Al, Ti). There are a wide variety of carbides
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as the secondary phases in the matrix of superalloys, namely MC (TaC, MoC), M23C6, M6C as
well as solid-solution hardeners and precipitate phases. These phases are responsible for
strength of the superalloys by obstructing the dislocations and form a protective surface oxide
film of Cr2O3 [1].

Figure 2 Optical micrograph of the annealed Inconel 718 superalloy showing grain boundaries and
twinning [4].

𝛾 ′ and 𝛾 ′′ are the most important phases which are mostly found in nickel- and iron-nickelbased superalloys. 𝛾 ′ has a fcc ordered Ni3(Al, Ti) and 𝛾 ′′ has a bct ordered Ni3Nb atomic
structures (Figure 3a). Other phases are 𝜂 which is hexagonal ordered Ni3Ti and 𝛿
orthorhombic Ni3Nb intermetallic compounds that can be found in nickel- and iron-nickelbased superalloys. In addition, other elements such as boron, zirconium and hafnium are added
to these alloys which account for superalloys’ mechanical and chemical properties.
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Figure 3 (a, b) TEM micrographs of superalloy N18 showing the presence of four populations of γ′
precipitates [5].

Application of Superalloys
Nickel-based superalloys are mostly used in high-temperature applications such as components
in aircrafts operating at 850 °C due to their high creep resistance. They are usually precisioncast to their final shape because of difficulties in machining of these alloys [6].
They also are utilized as chemical and petrochemical equipment parts such as disks, bolts,
shafts, valves, cases, blades and vanes. Medical components and heat treatment equipment as
well as nuclear power systems and chemical and petrochemical industries are other areas of
application of these alloys [7, 8]. The high interest in use of superalloys in such critical
application arises from their special combination of properties such as high strength, strong
corrosion resistance, excellent thermal fatigue properties and thermal stability [9]. Figure 4
depicts an example of nickel-based superalloys used in various parts of a jet engine. Almost
50% of the weight of a jet engine is made up of Inconel 718 [10].
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Figure 4 Rolls-Royce XWB Turbofan engine with the major components and its primary materials
selection [10].

2.2. METAL CUTTING
In this section, the most important metal cutting principles, namely orthogonal and oblique
cutting models, chip formation mechanism, cutting force model, stress distribution and cutting
temperature during the metal cutting process are summarized.
Metal Cutting Principles
Conventional machining processes involve metal cutting principles in which mechanical force
is used in order to remove chips from the workpiece material. They consist of various processes
such as turning, milling, broaching, sawing (Figure 5).
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(a)

(b)

(c)

(d)

Figure 5 Schematic illustration of some machining processes: (a) turning, (b) milling, (c) sawing and
(d) broaching [11].

2.2.1.1. Orthogonal cutting model
To simplify the complex metal cutting process, a two-dimensional model, also called
orthogonal cutting model, was proposed by M.E. Merchant in early 1940s (Figure 6a).
According to this model, a wedge-shaped cutting tool, possessing a predesigned rake (α) and
clearance angles, penetrates into the workpiece material by application of cutting force,
resulting in removal of chip, leaving a newly machined surface behind. Figure 6b shows the
primary deformation zone in which the chip forms as a result of shearing action at a specific
shear plane angle (ϕ). Also, in this figure the secondary deformation zone is illustrated in which
chip slides over rake face of the tool.
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(a)

(b)
Figure 6 (a) Orthogonal cutting model with a specific shear plane proposed by M.E. Merchant [12]. (b)
Deformation zones in the metal cutting process [13].

Marchant’s model of chip formation mechanism is used to develop a mathematical model for
predicting the shear plane angle as shown in the Figure 7a. Figure 7b shows angular
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relationships between the cutting speed (V), shearing speed (VS) and chip speed (VC) in the
cutting zone. According to this figure, shear strain (𝛾) can be calculated by:
𝐴𝐵

𝐴𝑂

𝑂𝐵

𝛾 = 𝑂𝐶 = 𝑂𝐶 + 𝑂𝐶

(1)

𝛾 = cot 𝜙 + tan(𝜙 − 𝛼)

(2)

VS

VC
V

(a)

(b)

Figure 7 (a) Schematic illustration of basic mechanism of chip formation by shearing action, (b)
angular relationships among the cutting speed (V), shearing speed (VS) and chip speed (VC) in the
cutting zone [11].

Shear strain in machining can be as much as 5 or higher which is the highest among other
manufacturing processes (Table 2). In addition, because the shearing happens in a very narrow
zone in shear plane, the shear strain rate is very high. Consequently, the mechanics of metal
cutting process (cutting force and power) greatly depends on the forces acting on the shear
plane. As Figure 7a illustrates, chip thickness is dependent on the shear plane angle: the less the
shear angle, the more the chip thickness (𝑡𝑐 ). In order to find the relationship between shear
angle and rake angle as well as coefficient of friction (𝜇), it is assumed that the shear angle
adjusts itself to minimize the cutting force or that the shear plane is a plane of maximum shear
stress. Therefore, the following expression can be drawn:
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(3)

where 𝛽 is the friction angle which is related to the coefficient of friction at the tool-chip
interface by the following relation:
𝜇 = 𝑡𝑎𝑛𝛽

(4)

Table 2 Typical ranges of strain in manufacturing processes [11]
Process
True strain
Machining
1-10
Superplastic forming
0.2-3
Extrusion
2-5
Forging, rolling
0.1-0.5
Sheet metal forming
0.1-0.5
Wire and tube drawing
0.05-0.5

2.2.1.2. Oblique cutting model
Generally, in real metal cutting processes, cutting tools have complex geometries being oblique
rather than orthogonal in the cutting edge. As can be observed in Figure 8a, the inclination angle
of the cutting tool, i, results in helical chips. In this figure, 𝛼𝑐 is chip flow angle and 𝛼𝑡 is
normal rake angle. Assuming that 𝛼𝑐 = 𝑖 (this assumption has been verified experimentally),
and considering that both i and 𝛼𝑡 can be measured directly, the effective rake angle can be
calculated by:
𝛼𝑒 = 𝑠𝑖𝑛−1 (sin2 𝑖 + cos2 𝑖 sin 𝛼𝑡 )

(5)

Note that, as inclination angle increases, the effective rake angle increases and the chip becomes
thinner and longer, and thus, the cutting force decreases. The influence of the inclination angle
on chip shape is shown in Figure 8b.
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Figure 8 Geometrical view of oblique cutting [14].

2.2.1.3. Chip types and formation mechanisms during the metal cutting process
In actual machining process, various forms of chip are produced which can be categorized into
three main groups:
•

Continuous chips,

•

Discontinuous chips,

•

Serrated (segmented) chips.

Cutting ductile material and selecting high cutting speeds as well as high rake angles promote
creation of continuous chips (Figure 9a). However, because of the high contact area between
the tool rake face and the produced chip in the secondary shear zone (Figure 9b), formation of
continuous chip results in high friction forces in this region. Thus, this can lead to high tool
wear and poor surface finish, making continuous chips undesirable. In addition, entanglement
of the chips around the toolholder, fixture and workpiece, especially in the computer-controlled
machines, exacerbates the cutting condition. Discontinuous chips are small segments of
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material removed during the machining of brittle materials, cutting at very low or very high
cutting speeds, large depth of cuts as well as presence of inclusions and impurities in the
microstructure of workpiece material (Figure 9c). Serrated chips, on the other hand, are mostly
seen in materials with low thermal conductivity and strength that decreases sharply with
temperature (thermal softening). They are characterized by shear localization in a small zone in
which high shear strain results in fracture in the chip while shear strain is remaining low in the
large zones of chip body (Figure 9d).

(a)

(c)

(b)

(d)
Figure 9 (a) Continuous chip with narrow, straight, and primary shear zone produced during
orthogonal cutting of pure copper [15]; (b) continuous chip with secondary shear zone at the chip–tool
interface [11]; (c) discontinuous chip produced during machining of Al6061 [16]; and (d) serrated
(segmented) chip of Ti alloy formed under cryogenic cutting [17].
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Serrated chips are produced as a result of localized plastic strain in a narrow zone which is
called adiabatic shear bands (ASB) as shown in Figure 10a, b. As Figure 10 c and d show, the
chip material undergoes plastic deformation up to a maximum length beyond which the material
fractures as shown (𝐴′ 𝐶 ′ ). The chip segments remained attached to each other over a portion of
length (𝐵 ′ 𝐶 ′ ) [17].

(a)

(b)

(c)
(d)
Figure 10 (a) Microstructure of the chip formed during machining of Ti alloy showing the shear
localization, (c) Higher magnification of the zone marked by a white box in (b) showing the adiabatic
shear band and b particles, (d) Schematic representation of a chip obtained from dry machining
condition illustrating the formation of adiabatic shear bands (ASB) and intersegment shearing [17].
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2.2.1.4. Cutting forces in orthogonal cutting
To model the cutting forces on the cutting edge during the machining process, a 2D model was
developed by considering the frictional force acting on the tool-chip interface on the rake face
(R) as well as the force between workpiece and the chip along the shear plane (R′) (Figure 11a).
By resolving these forces into its components, the forces in horizontal and vertical directions,
FP and FQ, along and perpendicular to the shear plane, FS and NS as well as along and
perpendicular to the tool face, FC and NC are obtained. The circle of forces shown in the
Figure 11b is achieved by plotting these forces at the tool tip [18]. Geometrical analysis of
horizontal and vertical forces results in determination of shear and frictional forces:
𝐹𝑆 = 𝐹𝑃 cos ∅ − 𝐹𝑄 sin ∅

(6)

𝑁𝑆 = 𝐹𝑄 𝑐𝑜𝑠 ∅ + 𝐹𝑃 𝑠𝑖𝑛 ∅ = 𝐹𝑆 𝑡𝑎𝑛(∅ + 𝛽 − 𝛼)

(7)

Similarly, coefficient of friction (µ) can be calculated:
𝐹 sin 𝛼+𝐹 cos 𝛼

𝐹

𝐹 +𝐹 tan 𝛼

𝜇 = 𝑁𝐶 = 𝐹𝑃 cos 𝛼−𝐹𝑄 sin 𝛼 = 𝐹𝑄−𝐹𝑃 tan 𝛼
𝐶

𝑃

𝑄

𝑃

𝑄

(8)
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(b)

Figure 11 (a) Free body diagram of chip and (b) composite cutting force circle during orthogonal
cutting process [18].

2.2.1.5. Stresses generated during metal cutting process
Determination of stress distribution on the tool-chip interface is crucial in analyzing the cutting
processes and the obtained surface quality. Although in actual machining practice, stress
distribution can be very complex, some models have been proposed in order to simplify it.
Zorev [19] proposed a model in which seizure action occurs at the tool-chip interface near the
cutting edge while sliding happens beyond the sticking region. In this model, compressive stress
(𝜎𝑐 ) is assumed to follow the following expression at any point:
𝜎𝑐 = 𝑞𝑥 𝑦

(9)

where x is distance from the point B where the chip breaks contact with the tool, and q and y
are both constants. As can be observed, compressive stress is maximum at the cutting edge and
has the value of zero at the point where chip breaks contact with the rake face of the tool. The
shear stress, on the other hand, has a more uniform distribution along seizure region on the rake
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face. The maximum value of shear stress is less than that of compressive stress. Shear stress
falls to zero in the sliding region of the tool-chip contact [20].

Figure 12 Model of stress distribution during cutting [20].

To measure the stress distribution on the tool surface in the real cutting conditions, several
methods have been developed including carry out the cutting process using split tools, using
tools of different strengths and using photoelastic polymers tools. Bagchi and Wright [21] used
photoelastic sapphire tools in the cutting process in order to investigate the stress distribution
during the cutting of AISI 1020 and 12L14 steels, and 360 brass workpiece materials. Figure 13
illustrates their experimental arrangements.
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Figure 13 View of the experimental arrangement used for photoelastic stress analysis in machining
[21].

Fast-frame photography allowed a series of images to be collected (Figure 15). Two sets of
images are achieved in these experiments. The first set of color images provided isochromatic
fringes which corresponds to positions where the difference in the principal stress values was
equal to an integer value of wavelength. The second set were the black and white isoclinic
fringes. These occur when either of the principal stresses were aligned with the polarizer.
Bagchi and Wright [21] used the shear-difference method to calculate the normal and shear
stresses from the obtained isochromatic and isoclinic fringes. Composite isochromatic and
isoclinic fringes which were obtained during the machining of 12L14 steel at 75 m.min-1 at an
uncut chip thickness of 0.132 mm 0.381 mm are shown in Figure 14a, c. The corresponding
calculated shear and normal stresses are shown in Figure 14b, d. These figures confirmed
Zorev’s stress model depicting that normal stress is maximum at the tool tip and it decreases
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along the tool-chip interface. Shear stress has a lower maximum value than normal stress and
falls to zero at a distance away from the tool edge.

(b)

(a)

(c)

(d)

Figure 14 (a) Composite isochromatics and isoclinics obtained during the machining of 12L14 steel at
75 m min-1 at an uncut chip thickness of (a) 0.132 mm (c) 0.381 mm (Solid lines, isochromatics;
dashed lines, isoclinics). Normal and shear stress distributions along the rake face surface during the
machining of 12L14 steel at 75 m min-1 and an uncut chip thickness of (b) 0.132 mm, (d) 0.381 mm
[22].
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Figure 15 Stress distribution in photo-elastic model tool when cutting lead [23].

As it was shown in the Figure 14b and d, shear stress is low immediately behind the cutting
edge. It increases to a maximum value and then decreases again in a distance away from cutting
edge where the chip leaves the rake face of the tool. This was also shown by Doyle, et al. [24]
in machining copper at 120 m/min for 50 s (Figure 16). It is observable that immediately after
the tool tip, chip material flows around the cutting edge.
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Figure 16 Rake face photographs at ×25 magnification confirming the reduced transfer and hence
shear stress in zone 1a. From machining copper at 120 m/min-1 for 50 seconds. Longer cutting times
“clean-up” any organic films on rake face, creating increased amounts of the seizure type contact as
time progresses [24].

Figure 17a and b shows the experimental and numerical results of strain distribution in the
workpiece material during the machining process [25]. The maximum equivalent strain was at
the tool tip. Secondary deformation zone showed higher amount of strain than primary zone.
This also can be observed in Figure 18a, b which shows the metallography of quick-stop section
through copper chip machined at a slow speed of 1.5 m/min for 300s. The regions similar to
zone 1a and zone 1b, which was shown in Figure 16, can be seen in Figure 18a. Figure 18b
shows the flow lines of the workpiece material around the tool tip. The length of the Zone 1a
(OK) is almost 0.3 and the total length of zone 1a and zone 1b (KQ) is 3 mm. Extremely high
strain of material during the turning process can be seen in (Figure 18b). Material is deformed
in the primary shear zone, AB. As the cutting tool penetrates in the material, the amount of
deformation increases from AD to AH to the extent that material is extremely deformed near
the rake face of the tool, KLMN.
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Figure 17 Strain distribution in the material during machining of Al 1100 which was determined (a)
experimentally and (b) by Eulerian model [25].
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(a)

(b)
Figure 18 (a) Quick-stop section through copper chip machined at a slow speed of 1.5 m min-1 for 300
seconds. (b) Tracing of flow lines [22].

Ni, et al. [26] showed the microstructural variation in different part of the cutting area in
machining of Al 1100 alloy (Figure 19a, b). Deformation free zone (DFZ) represented the
microstructure of as-received material before cutting process. In the primary deformation zone
(PDZ), the high plastic deformation results in highly elongated grains (zone 2 and 3). In the
secondary deformation zone (SDZ), recrystallization results in grain growth and equiaxed
grains.
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Figure 19 (a) Schematic illustration of the main steps of microstructural evolution in 1100 Al
subjected to orthogonal cutting. (b) The sequence of grain refinement events shown on the crosssection of the material ahead of the tool tip [26].

2.2.1.6. Temperature generated during the metal cutting process
Cutting energy consumed during the machining process is expended for plastic deformation
and overcoming friction in the tool/chip interface. Cutting heat is generated in the three
deformation zones which was discussed in Section 2.2.1.1. Figure 20 shows three heat
generation zones in machining process.
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Figure 20 Heat generation zones during the machining process [27].

Turning Process
Turning process is used for manufacturing of parts that have a basically round shape
(axisymmetric parts). In this process, the workpiece rotates while the cutting tool is fixed. The
machine tool on which the turning process is conducted is called turning machine or lathe.
Typical conventional and CNC lathe machine and their components are shown in Figure 21.
Versatile processes ranging from straight and taper turning to drilling and threading can be done
on lathe machines (Figure 22).
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(a)

(b)
Figure 21 (a) A typical lathe, (b) a computer-controlled (CNC) lathe and their various components
[11].
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Figure 22 Various processes that can be done on a lathe machine [11].

2.2.2.1. Turning tools geometry
Rake and clearance angles in orthogonal and oblique cutting were discussed in the
Section 2.2.1.1. However, cutting tools used in turning process have more complex geometries
so that the chip can flow smoothly during the cutting process. Figure 23a-c shows a typical
turning tool from different views.
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Figure 23 Designation for a typical cutting tool for turning process from (a) end view, (b) side view
and (c) top view [11].

2.2.2.2. Cutting parameters in turning process
Cutting speed, feed rate and depth of cut are the cutting parameters in turning of which proper
selection of value of these parameters has a great influence on the machining performance
(Figure 24a). Cutting speed is defined as the length of tool material that pass from the tool tip.
Feed rate is the length that tool travels along the workpiece per one rotation of the spindle.
Depth of cut is defined as the length of the cutting tool which travels into the workpiece. It is
noteworthy that feed rate and depth of cut should not be confused in the turning process and
Marchant’s model (Figure 6). Figure 24b shows cutting parameters in turning process as well
as the Marchant’s model. From this figure, it is clear that feed rate in turning is the same as the
depth of cut in the orthogonal cutting model.
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(b)

(a)

Figure 24 Cutting parameters, namely cutting speed, feed rate and depth of cut (d) in turning process
[28]. (b) Transition of cutting parameters to turning process into Merchant’s model [22].

2.2.2.3. Turning tool materials
Cutting tool are made up of materials that can withstand special environment existing in the
metal cutting processes in which cutting tool encounters high stresses and temperatures in
primary and tertiary cutting zones. Therefore, a cutting tool should:
•

Retain its hardness at the elevated cutting temperatures,

•

Have deformation resistance at high temperature of the machining process,

•

Have high fracture toughness to resist edge chipping and premature failure of the
cutting edge,

•

Have low thermal affinity with respect to the workpiece material to resist crater
wear on the rake face of the tool,

•

Have high thermal conductivity to dissipate the heat generated in the cutting area.

The mostly utilized cutting tool materials in the order of development dates are carbon steel,
high-speed steels (HSS), tungsten carbide-cobalt tools (WC-Co), ceramics, cubic boron nitride
(CBN) and polycrystalline diamond (PCD) (Figure 25). Each group of the mentioned tool
materials are divided into several sub-group categories. Generally, as the materials developed
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from HSS to PCD, the toughness of the materials decreased, while their hardness (Figure 26a)
and their resistance to elevated cutting temperatures (Figure 26b) increased.

Figure 25 Various cutting tool materials in the order of their introduction dates [29].
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(a)

(b)
Figure 26 (a) Ranges of mechanical properties for various groups of tool materials. (b) hardness of
different cutting materials as a function of temperature [11].

2.2.2.4. Tool Wear
Due to the severe condition during the cutting process in which high stresses and temperatures
are concentrated in a small area near the tool edge (see Section 2.2.1), the cutting tool is subject
to various types of tool wear. Figure 27a-k show different tool wear types that are observed on
the cutting tools after metal cutting process. One or several of these wear types can be developed
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at the same time during cutting. Formation of tool wear type depends on the cutting parameters,
cutting environment, tool and workpiece materials, etc. Flank (Figure 27a) and crater
(Figure 27b) wear types are the mostly investigated ones and are generally used as the tool life
criteria in various cutting processes. Figure 28 shows the ISO 3685 standard which is mostly
used in measurement of tool wear and evaluation of effect of machining parameters (such as
cutting speed, tool material and geometry, cutting fluid, etc) on the tool life.
Rake face

Flank face

Figure 27 Types of wear on cutting tools: (a) flank wear, (b) crater wear, (c) notch wear, (d) nose
radius wear, (e) thermal cracks, (f) mechanical cracks, (g) built-up edge, (h) gross plastic deformation,
(i) edge chipping, (j) chip hammering, (k) gross fracture [30].
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Figure 28 Characterization of flank wear land and rake face crater wear according to ISO 3685
standard [31].

2.2.2.5. Surface roughness
Generally, the primary goal of cutting process is to achieve the best possible part quality. Thus,
surface roughness is one the most important parameters in metal cutting processes. Several
surface parameters are developed in order to characterize different aspect of the produced
surface. Ra and Rz are the mostly used surface roughness parameters. Ra is determined from
deviation of peaks and valleys about the center line within the evaluation length. For this reason,
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it is also called arithmetic average roughness or center line average (CLA). Considering the
parameters shown in the Figure 29a, Ra can be calculated by the following equation [32]:
1

𝑙

𝑅𝑎 = 𝑙 ∫0 𝑟|𝑧(𝑥)|𝑑𝑥
𝑟

(10)

It is the most popular parameter for a machining process and product quality control, since it is
easy to measure even in the least sophisticated profilometers and gives a general description of
surface amplitude. However, it is insensitive to small variations in the profile and gives no
information on the in-length characteristics, also no distinction is made between peaks and
valleys [33].

Figure 29 Criteria for defining the surface roughness: Ra, Rz and Rt according to ISO 4287 [34].

Rt is defined as maximum peak to valley height over the evaluation length and very commonly
used along with Ra, since it is very sensitive to large deviations from the mean line and scratches
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[33] (Figure 29b). Rz is average peak to valley height; it smoothens large deviations that are not
representative of the surface finish compared to Rt. It is calculated by averaging the maximum
peak to valley of five consecutive sampling lengths within the measuring length (Figure 29b).
Feed rate and tool nose radius have the most significant influence on the Rt and Ra machined
surface roughness parameters. Figure 30 shows schematic illustration of tool geometry on Rt
surface roughness in turning process.

(a)

(b)

Figure 30 Schematic illustrations of tool geometry on surface roughness when turning with (a) tool
with a nose radius, and (b) sharp-nosed tool [30].

Following equations have been developed to calculate the Rt and Ra values after turning process:
For a rounded tool nose with radius of r:
𝑓

𝑅𝑡 = cot 𝜅+cot 𝜑 [𝑚𝑚].

(11)

For perfectly sharp tool:
𝑟

𝑅𝑡 = 𝑓. tan 𝜑 + 2 tan2 𝜑 − √2. 𝑓. 𝑟. tan3 𝜑 [𝑚𝑚].

(12)

Where r is tool nose radius, f is feed rate, 𝜅 and 𝜑 are angles with regard to feed (Figure 30).
Due to different cutting tool geometries involving in different machining processes, a wide
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range of Ra roughness values can be obtained in various machining methods. It is observable in
Figure 31 that turning process produces a wide range of surface roughness values ranging from
as low as 0.05 µm in finish turning to as high as 25 µm in roughing process.

Figure 31 The range of surface roughness values obtained in various machining processes [11].

2.3. MACHINING OF SUPERALLOYS
Machining of components such as turning shafts and milling disks out of superalloys including
Inconel 718 is partially influenced by their deformation behaviour particularly by shear
localization in the adiabatic shear bands [35-38]. The poor heat dissipation during machining
due to their low thermal conductivity [39-42] would lead to strain localization (hence adiabatic
shear band formation) along with generation of high local temperatures at the cutting zone. One
of the consequences of local temperature increase is the occurrence of high rates of dissolution
wear on the rake face of the cutting tool [43] as Ni has high chemical affinity to carbides in the
cutting tools [44-47]. Recently, high-pressure coolants [48, 49], cryogenic coolants [50, 51],
use of tool coatings resistant to dissolution wear [52] and different cutting methods such as
minimum quantity lubrication (MQL) [53] and different cutting tools [54] have been developed
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to improve machinability of Ni based super alloys. Another relatively new strategy consists of
modification of cutting fluids with small quantities of metallic or non-metallic nanoparticles.
Inconel 718 is a widely used nickel-based superalloy with high corrosion and creep resistance
for elevated temperature applications. This provides challenges during machining due to
retention of strength at elevated temperatures, high strain and strain-rate hardening, low thermal
conductivity and presence of hard carbide particles in its microstructure [1]. As a result,
generally tool wear [9, 41] and cutting forces are high and the machined surfaces has low quality
[40, 55]. Various methods have been proposed to facilitate cutting process during machining of
nickel-based superalloys including:
•

High pressure cooling [48],

•

Thermally enhanced machining [56],

•

Laser assisted machining [57],

•

Hybrid machining (application of two or more of the mentioned cutting conditions at
the same time) [58],

•

Use of suitable tool coatings [59].

Two other methods that have been recently employed so as to improve machinability of
superalloys in particular Inconel 718 are application of cryogen (CO2 or liquid nitrogen (LN2))
to the cutting area [50, 60, 61], as well as use of nano-fluids in the cutting process [62].
Cryogenic cutting has been used for last 30 years in which a cryogen is used to change the
mechanical properties of workpiece and tool material so as to facilitate metal cutting process.
The next section will summarize the previous works that has been done in this field.
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Improvement of Machining Performance of Inconel 718 Superalloy by Applying
Graphene Nanoplatelet (GNP)
Different lubricants have been enhanced by adding nanoparticles at a specific ratio such as 0.15
wt.% Cu [63], 5 wt.% fullerene [64], 0.05 wt.%PbS [65], 1.0 wt. % TiO2 [66], 0.1 wt.% ZnS
[67], 1.0 wt.% LaF3 [68], 1.0 wt.% Ni [69], 0.2 wt.% SiO2 [70], 0.5 wt.% MoS2 [71]. The results
proved that cutting forces and the tool wear were reduced by the addition of nanoparticles to
lubricant during the machining processes. Some studies attributed the observed reductions in
cutting forces and tool wear to the formation of thin films or tribolayers on the contact surfaces
of cutting tools [70-76]. It was also suggested that rolling of nano-particles at the interfaces
between the tool and the workpiece would reduce cutting forces [77-80].
Further improvements in machining properties could be achieved using lubricants incorporating
carbon based nanoparticles such as fullerene [77], and nano-diamond [75] due to their high
thermal conductivity, which allows high rates of heat dissipation from the tool chip interface.
Graphene emerges as a good candidate because it has excellent thermal conductivity, as high
as 5000 Wm−1K−1 [81, 82] and also graphene nanoplatelets (GNPs) provide low coefficient of
friction (COF) [83, 84].
Some researchers have conducted experiments on the role of graphene in machining of difficult
to cut alloys. This section reviews previous works done on the effect of addition of nanoparticles
in the cutting fluid during tribological and machining tests and summarizes its effect on
coefficient of friction (COF), tool wear, cutting force, cutting temperature, surface quality and
microhardness.
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2.3.1.1. Tribological tests
Elomaa, et al. [78] conducted the tribological tests between a stainless steel ball and a
tetrahedral amorphous carbon (ta-C) counterfaces using 1.0 wt.% graphene oxide (GO) blended
water. A low COF of 0.06 was observed, which was due to the formation of a GO tribolayers
on the counterfaces (Figure 32).

Figure 32 COF as a function of time in ta-C vs stainless steel contacts lubricated with pure water,
water with 1 wt.% of GO and water with 0.1 wt.% of GO [78].

Figure 33 shows COF in a research conducted by Kinoshita, et al. [79] in which they found that
GO sheets (1.0 wt.%) dispersed in water during sliding WC against stainless steel would
produce a low COF of 0.05. The observed low COF was attributed to the formation of GO rich
tribolayer on WC contact surface.
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Figure 33 Variations of COF in sliding test under different lubrication conditions [79].

Bhowmick, et al. [85] studied the effect of GNPs (0.0005 wt.%) dispersed in absolute ethanol
(C2H5OH) on the tribological behaviour of M2 steel sliding against itself under boundarylubricated condition. As is shown in Figure 34, a low COF of 0.18 was observed, which was
almost 50% lower than the COF of C2H5OH without addition of GNPs. The reduction of COF
was attributed to the generation of GNPs rich tribolayers on the counterface. It was found that
the GNP layers were bent and fragmented during sliding.
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Figure 34 Variation of the COF with the number of revolutions for sliding tests conducted in different
concentration of GNPs [85].

2.3.1.2. Tool wear
Park, et al. [73] used exfoliated graphite nanoplatelets (0.1 wt.%) dispersed in a cutting fluid
during milling of AISI 1045 steel and found that GNP-dispersed vegetable oil reduced the wear
and chipping at the cutting edge of the tool compared to flooded milling (Figure 35).
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Figure 35 Central and flank wear in terms of concentration of GNP in CF [73].

Singh, et al. [74] reported that use of cutting fluid blended with 1.0 wt.% graphene during
turning of AISI 4340 hardened steel resulted in the lowest tool flank wear compared with pure
oil (CF) and dry cutting conditions. SEM images of flank wear under these cutting conditions
at speed of 170 m/min after 6 min is illustrated in Figure 36.
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(b)

(c)
Figure 36 SEM images of flank wear under (a) CF blended with 1.0 wt.% graphene, (b) CF, (c) dry
cutting conditions at speed of 170 m/min after 6 min [74].

Li, et al. [72] reported that after milling of TC4 titanium alloy, the tool encountered less flank
wear when graphene was blended with MQL method in comparison to pure MQL (without
using graphene) and when gas was used as the coolant (Figure 37). SEM images of tool flank
wear under these cutting conditions is shown in Figure 38. It was observed that cutting titanium
alloy using graphene in the MQL method resulted in the lowest tool edge defects compared to
other cutting conditions.
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Figure 37 The tool life curves under different lubrication conditions [72].

Figure 38 SEM images of tool flank wear under (a) dry, (b) gas, (c) pure MQL, and (d) graphene
MQL, cutting conditions [72].
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2.3.1.3. Cutting force
Singh, et al. [74] observed that the application of GNP (0.5-1.5 wt.%) mixed with vegetable oil
during turning of AISI 4340 hardened steel using minimum quantity lubrication (MQL) reduced
cutting forces and temperatures nearly 40% and 60% compared to the dry turning (Figure 39).

Figure 39 Average value of cutting forces under different environments [74].

Pavan, et al. [86] showed that addition of 0.3 wt.% of graphene to the cutting fluid when using
MQL method (MQL CF8 in Figure 40) resulted in the lowest normal and tangential forces in
grinding of Inconel 718. Dry grinding and pure cutting fluid without GNP produced the highest
forces.
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(b)

Figure 40 Effect of GNP-based nanofluid on (a) normal, (b) tangential grinding force [86] (CF1= 0
wt.%, CF2= 0.1 wt.%, CF3= 0.2 wt.%, CF4= 0.3 wt.%, CF5= 0.4 wt.%, CF6= 0.5 wt.%, CF7= 0.3
wt.% (grade II), CF8= 0.3 wt.% (grade III) [86].

2.3.1.4. Cutting temperature
Li, et al. [72] examined the roles of GNPs (0.1 wt.%) added to the cutting fluids during milling
of titanium alloys and reported that the cutting temperature during milling was reduced by 30%
compared to dry milling and 35% reduction in tool wear was observed (Figure 41).
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Figure 41 The measured typical signal profiles of surface temperature and the subsurface temperature
under (a) dry, (b) gas, (c) pure, and (d) graphene MQL [72].

According to the study conducted by Pavan, et al. [86], grinding Inconel 718 using 0.3 wt.%
graphene in the cutting fluid accounted for the lowest cutting temperature of 200 °C, while
when the process was carried out using cutting fluid without GNP resulted in temperature of
230 °C (Figure 42).

Chapter 2: Literature survey

52

Figure 42 Effect of GNP-based nanofluid on grinding temperature [86] (CF1= 0 wt.%, CF2= 0.1 wt.%,
CF3= 0.2 wt.%, CF4= 0.3 wt.%, CF5= 0.4 wt.%, CF6= 0.5 wt.%, CF7= 0.3 wt.% (grade II), CF8= 0.3
wt.% (grade III) [86].

2.3.1.5. Surface quality
Pavan, et al. [86] investigated the role of GNPs (0-0.5 wt.%) during grinding of Inconel 718 in
MQL condition. The GNPs reduced the surface roughness of the Inconel 718 than the dry and
MQL grinding conditions (Figure 43).

Figure 43 Effect of GNP-based nano-fluid on normal grinding force [86], (CF1= 0 wt.%, CF2= 0.1
wt.%, CF3= 0.2 wt.%, CF4= 0.3 wt.%, CF5= 0.4 wt.%, CF6= 0.5 wt.%, CF7= 0.3 wt.% (grade II),
CF8= 0.3 wt.% (grade III) [86].
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Figure 44 shows surface quality after milling of TC4 titanium conducted by Li, et al. [72] under
dry condition as well as using gas, cutting fluid without GNP and MQL containing GNP. As it
is evident in this figure, the machined surface using the latter one, i.e. using MQL blended with
GNP was smoother compared to other methods. They also examined the effect of addition of
GNP to the cutting fluid on surface and subsurface hardened depth (Figure 45a, b) and
compared them with other cutting conditions. The results revealed that addition of GNP in MQL
reduced the obtained surface microhardness to (350 HV) and hardened layer depth under the
surface after machining to (5 µm) compared to MQL without GNP (375 HV and 10 µm).

Figure 44 Machined surface quality obtained during the machining under (a) dry, (b) gas, (c) pure, and
(d) graphene MQL [72].
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(a)
(b)

(c)

(d)

(e)

Figure 45 (a) The surface and subsurface microhardness values [72]. Depth of subsurface hardened
layer under (b) dry, (c) gas, (d) pure, and (e) graphene MQL [72].
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Similar results were reported by Pavan, et al. [86] in grinding of Inconel 718 using different
concentration of GNPs in the cutting fluids. As Figure 46 shows, 0.3 wt.% in MQL resulted in
a defect free surface while on the surfaces produced by other methods there large ridges.

Figure 46 Workpiece surface quality after (a) dry grinding, MQL grinding with (b) 0, (c) 0.2, (d) 0.3
(grade I), (e) 0.4, and (f) 0.3 wt.% (grade III) [86].
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Improvement of Machining Performance of Inconel 718 Superalloy by Applying LN2
Cryogenic cutting is considered as a clean production method since liquid nitrogen (LN2)
evaporates instantly, leaving the machined workpiece dry and free of metal cutting fluid films
and contaminants. Although the cost of LN2 could be higher than flooded cutting, it has the
advantage of eliminating post-cutting cleaning and recycling process. Operating the machining
process using cryogens would increase the rate of heat dissipation and alleviate some of the
issues related to high temperature generation the tool-workpiece interface. Mechanical
properties of the workpiece material especially for steel and other the body centered cubic (bcc)
and some hexagonal close packed, hcp, like titanium alloys are sensitive to low temperatures
and may lead to improved machinability. Machining practices in which cryogens were applied
to the cutting area dates back to 1919 [87]. Some researchers have applied the cryogen on the
workpiece material by immersing the material into the cryogen [17] while other researchers
have sprayed it onto the cutting area [88, 89] or the combination of these techniques [50].
Cryogenic cooling during the machining process has several effects on machining performance
including (1) changing the mechanical properties of the workpiece and tool materials (increase
in hardness, modulus of elasticity and strength of materials). (2) removing the heat generated
during the machining process and (3) change in frictional characteristics of the tool-chip and
tool-workpiece interfaces [90, 91].
The literature survey presented in the following parts of this section therefore summarizes the
previous experimental works on cryogenic machining of nickel-based superalloys. Cryogenic
cooling method during the turning of Inconel 718 has been compared with flooded and other
cooling/lubrication methods. The following sections will review the previous works according
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to the response parameters, i.e. tool wear, cutting force, surface roughness, subsurface
deformation and chip morphology.
2.3.2.1. Tool wear
Kaynak [60] investigated the tool wear during the turning process of Inconel 718 under
cryogenic, minimum quantity lubrication (MQL) and dry cutting conditions at different speeds
(30, 60, 90 and 120 m/min). It was reported that the cutting tool contact length between chip
and tool rake face in cryogenic cooling conditions was approximately 24% larger (1.69 mm)
than that in MQL conditions (1.36 mm) at the speed of 60 m/min (Figure 47a). At higher cutting
speed (120 m/min), contact length was smaller than those measured in dry and almost same
with MQL conditions (Figure 47b). Evaluation of flank wear showed that cryogenic cooling
resulted in lower flank wear (218 µm) compared with MQL (340 µm) and dry conditions
(939 µm) (Figure 47c). Wear mechanism analyses showed that the abrasive wear mechanism
was predominant during the cryogenic cutting process (Figure 48).
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(b)

Rake face

(h)

Rake face

(f)

(e)

Flank face

(c)

Flank face

(i)

Flank face

Figure 47 Crater wear as a function of different cooling/lubricating at the cutting speed of (a-c) 60
m/min, (d-f) 120 m/min. (g-i) Flank wear under different cutting conditions at 120 m/min [60].
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Figure 48 Wear mechanism under cryogenic cutting condition [60].

Iturbe, et al. [92] compared flank wear variation in cryogenic turning of Inconel 718 with
conventional flooded cooling which was conducted in a previous work by Kaynak [60]. They
reported that flooded cooling outperforms the cryogenic machining in terms of tool life. As is
shown in Figure 49, cutting time was 20 min in flooded cutting while it was almost 7 min during
the cryogenic cutting.

Figure 49 Evolution of flank wear in turning of Inconel 718 under cryogenic, MQL which were done
by Kaynak [60] in comparison to flooded and dry conditions [92].
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Pusavec, et al. [93] conducted the turning process on Inconel 718 under different cutting
conditions namely dry, MQL, cryogenic and combination of cryogenic and MQL (cryoMQL).
Figure 50a, b summarizes the results of the tool wear analyses, showing variation of flank wear
(VBmax) and rake wear (KVmax) with cutting parameters. Dry cutting, generally, resulted in more
flank wear compared to cryogenic and MQL methods. CryoMQL method showed the lowest
flank and rake wear at different cutting conditions.

(a)

(b)
Figure 50 The influence of the cutting parameters on the cutting tool (a) flank wear and (b) rake wear
under different cooling/lubrication conditions [93]. ap=depth of cut, f= feed rate, Vc= cutting speed.
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2.3.2.2. Cutting force
Kaynak [60] reported that cryogenic cutting of Inconel 718 resulted in higher radial, feed and
radial cutting forces in comparison with MQL machining at low cutting speed of 60 m/min.
However, at the higher cutting speed of 120 m/min, all the cutting force components were lower
than the one under dry and MQL conditions (Figure 51).

Figure 51 Comparison of cutting force components under dry, MQL and Cryogenic conditions [60].

Tebaldo, et al. [94] studied effect of Minimum Quantity Cooling (MQC) in cutting of
Inconel 718. In MQC emulsions (made of soluble oil in water), water, or air (cold or liquid air)
are utilized and compared the results from those of cut under dry, MQL and conventional wet
machining. As is shown in Figure 52, cutting force under dry resulted in the lowest values,
followed by MQL and MQC. Wet cutting led to high values of cutting forces compared to other
conditions.
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Figure 52 Cutting force values as a function of cutting speed under different cutting conditions [94].

Pusavec, et al. [93] compared the effect of application of cryoMQL (MQL+cryogenic) method
with MQL and cryogenic conditions in machining of Inconel 718 which is shown in Figure 53.
Cryogenic resulted in higher cutting forces at high feed rates while cryoMQL showed the lowest
one at all the feed rates. At different cutting speeds and depth of cuts, cutting force did not show
high difference between different cutting conditions.

Figure 53 The influence of the cutting process parameters on the cutting force (Fc) under different
cutting conditions [93].
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2.3.2.3. Surface roughness
Pusavec, et al. [93] reported that with increasing the cutting parameters under all the cutting
conditions, the surface roughness increased, especially with increasing the feed rate. In all
plotted cases, cryo-lubrication provides lower Ra roughness values than the other conditions.
However, at higher feeds, the cryo-lubrication condition not only did not help at all, but it made
it even worse (Figure 54).

Figure 54 The influence of the cutting parameters on the machined surface roughness (Ra) under
different cutting conditions [93].

2.3.2.4. Subsurface microstructure
Iturbe, et al. [92] showed that conventional flooding method performed better than
cryogenic+MQL method in terms of subsurface microstructural damage. Figure 55 shows the
surface damage induced with the cryogenic + MQL technique is four times bigger than that the
one obtained by the conventional flooding one.

Chapter 2: Literature survey

64

Figure 55 Microstructural damage vs. tool flank wear when turning Inconel 718 with cryogenic+ MQL
and conventional cooling/lubricating approaches [92].

2.3.2.5. Chip morphology
Kaynak [60] investigated turning of Inconel 718 under cryogenic, MQL and dry conditions.
The results showed that in all three conditions, segmented chips were generated. The pitch
generated under cryogenic cooling was approximately three times larger and the valley was
smaller than the one in dry and MQL conditions (Figure 56). They also reported that chip
thickness increased 30% compared to MQL conditions in cryogenic cooling, while dry cutting
generated the smallest chip thickness.
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Figure 56 Chip morphology as a function of cutting condition in machining of Inconel 718 [60].

Summary of literature survey and research gaps
The literature survey revealed that the use of GNP-incorporated vegetable-based cutting fluid
and a stream of liquid nitrogen during the cutting of Inconel 718 superalloy are effective
approaches towards replacing mineral-based oils with eco-friendly alternatives (such as
vegetable-based cutting fluids) while maintaining machinability of Inconel 718 superalloy.
However, tribological behaviour of Inconel 718 against WC-Co was not thoroughly
investigated in machining of this alloy. Therefore, the underlying mechanism of improvement
of machining performance when GNP-blended cutting fluid was used in cutting of Inconel 718
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has not been thoroughly determined. Chapter 3 of this study addresses this gap by conducting
sliding tests between Inconel 718 and WC-Co counterfaces as well as drilling experiments on
Inconel 718 using WC-Co cutting tools in order to establish a relationship between the reduction
of coefficient of friction by formation of tribolayers in sliding tests and the decrease in cutting
torque and temperature during the cutting process. In addition, the effect of using GNP-blended
cutting fluid on the subsurface microstructural deformation is studied in this section.
It was evident from the previous works that cryogenic machining did not always facilitate the
cutting process of Inconel 718. There were many occasions that conventional flooded cutting
outperformed cryogenic cutting method. For this reason, this method has not been implemented
in machining industries as a viable practice. The question that which set of parameters should
be used during the cryogenic machining to obtain an overall favorable performance which is
comparable or even better the conventional flooded cutting is yet to be answered. Chapter 4 of
this thesis implements response surface methodology (RSM) in order to determine the optimum
parameters in which cryogenic cutting performs as effective as conventional flooded cutting
while maintaining the clean production approach in turning of Inconel 718 alloy.
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FLOODED DRILLING OF INCONEL 718 USING
GRAPHENE INCORPORATING CUTTING FLUID

3.1. INTRODUCTION
In this chapter, the idea of using graphene mixed with cutting fluids in machining of Inconel
718 is investigated, as they could provide low COF and high rates of heat transfer. The
objectives of this chapter is two folds, (i) investigation of tribological behaviour of Inconel 718
against WC-Co using different concentrations of graphene in cutting fluid and characterization
of the contact surfaces for the formation of tribolayers responsible for low COF and (ii)
conducting drilling tests on Inconel 718 (using the results of the sliding contact tests that
determined the concentration of graphene which provided the lowest COF) and to examine
whether the formation of tribolayers would play a role in reducing cutting torques, tool wear
and surface roughness of the drilled holes. The results showed that in order to rationalize the
underlying mechanisms accountable for the reduction in cutting torques and tool wear observed
in drilling of Inconel 718 using graphene in the cutting fluid, a tribological approach was useful.
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3.2. EXPERIMENTAL
Workpiece and Tool Materials
The workpiece samples were hot rolled slab made of Inconel 718 alloy received in the
dimension of 30×15×2.54 cm3. The composition (wt.%) of the Inconel 718 was as follows: Ni
53.84%, Fe 18.02%, Cr 17.98%, Ca <10 PPM, Nb+Ta 5.39%, Nb 5.38%, Mo 2.92%, Ti 0.96%,
Al 0.47%, Co 0.35%, Mn 0.09%, Si 0.08%, Cu 0.05%, C 0.02%, P 0.01%, B 0.004%, S
0.0003%, Ta <0.01, Mg <0.01. The surfaces of samples were prepared using SiC grinding
papers with 600, 800 and 1200 grits and then polished to 3 µm and finally to 1 µm. The samples
were etched in a solution of 95% HCl and 5% H2O2 for 35-40 seconds. The Inconel 718 samples
exhibited the typical bimodal grain structure containing small (19 ± 3 µm) and large grains (60
± 10 µm) with hardness values of 290 HV and 243 HV. Figure 57 shows the optical
microstructure of the as-received Inconel 718 after etching.

Figure 57 Optical microstructure of as received Inconel 718.
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Tribological Tests
A pin-on-disk type tribometer was used for measuring the COF between WC-Co and
Inconel 718. Inconel 718 pins with a radius of 4 mm and disks of WC-Co with a radius of 25
mm were used. The tests were done for 1000 revolutions at a speed of 5×10-2 m/s. The normal
load used in the tests was 5.0 N. The measured COF values were plotted against the number of
revolutions. The COF curves exhibited two stages: (i) running-in stage where the COF (μr),
had the highest value during initial sliding period, and (ii) steady-state stage COF (μss), which
was calculated from the arithmetic mean of the COF signals in the stage following the initial
running in. Three tests were conducted under each condition (GCF, CF, dry) explained in the
next paragraph and the average μr and μss values were calculated. The details of calculation of
μr and μss values can be found in [1, 2].
Sliding tests were conducted under different tests conditions consisting of i) unlubricated
sliding; ii) lubricated sliding using cutting fluid without graphene (CF), and iii) lubricated
sliding using cutting fluid with graphene (GCF) in size of graphene particles is 7±2 micron as
determined by SEM. The cutting fluid consisted of 70% water and 30% vegetable oil with P
additives. The optimum concentration of graphene to be added to the cutting fluid was
determined by performing sliding tests with different wt.% of graphene. The graphene
percentage that resulted in the lowest COF was considered as the optimum concentration, which
was used during the machining process. The lubrication regime was determined from the ratio
(λ) of minimum film thickness (hmin) to the root mean square (r.m.s) roughness of the contacting
surfaces [3]. The parameters used for lubrication regime calculation are shown in Table 3.
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E*, composite elastic modulus (in GPa) and the minimum lubrication thickness hmin was
calculated using following equations:
1
𝐸∗

=

2
1−𝜗𝐼𝑛𝑐𝑜𝑛𝑒𝑙718

𝐸𝐼𝑛𝑐𝑜𝑛𝑒𝑙718

+

2
1−𝜗𝑊𝐶−𝐶𝑜

(13)

𝐸𝑊𝐶−𝐶𝑜

ℎ𝑚𝑖𝑛 = 1.79𝑅 0.47 𝛼 0.49 𝜂00.68 𝑉 0.68 𝐸 ∗ −0.12 𝑝−0.07

(14)

η0 = viscosity constant of lubricants,
α = lubricant pressure viscosity coefficient,
r* = r.m.s. surface roughness of the contacting surfaces.
𝐸𝐼𝑛𝑐𝑜𝑛𝑒𝑙718 = 200 GPa,
𝐸𝑊𝐶−𝐶𝑜 = 600 GPa,
Poisson's ratio of Inconel 718 (𝜗𝐼𝑛𝑐𝑜𝑛𝑒𝑙 718 ) = 0.29
Poisson's ratio of WC-Co (𝜗𝑊𝐶−𝐶𝑜 ) = 0.21.
As λ=0.01 for tests done in CF, a boundary lubrication condition prevailed [3]. The boundary
lubrication condition was chosen for maximizing the deformation of the graphene particles
during the sliding and drilling experiments. The graphene nanoparticles were added to the
cutting fluids and were then mechanically stirred for 45 minutes. To prevent agglomeration of
the graphene nanoparticles, the cutting fluids were freshly blended with nanoparticles just
before conducting the sliding friction and orthogonal cutting experiments.
Table 3 Parameters used to calculate the lubrication condition, λ=hmin/r*, for Inconel 718 in sliding
contact with WC-Co in CF.
R (m) V (m/s)
P (N) E* (GPa)
r* (µm)
η0 (Pa.s)
α (10-8)
hmin (µm)
λ
0.002

0.12

5

200

R = radius of the pin and counterface, m,
V = sliding velocity, m/s,
P = normal load, N.

0.49

0.075

2.41

0.003

0.01
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Drilling Tests: Torque and Temperature Measurements
A CNC machine was used to conduct the drilling tests on Inconel 718 workpieces at a rotational
speed of 2500 rpm and a feed rate of 0.05 mm/rev. The tool material (twist drill) was uncoated
WC-Co with a diameter of 4.05±0.01 mm. The hardness and elastic modulus of WC-Co were
1397 HV (13.7 GPa) and 414.1 GPa. Tests were done using cutting fluid (CF) and GCF
(54×10-5 wt.% graphene) supplied at the pressure of 60 psi. The tests consisted of drilling of 50
holes consecutively. Each hole was drilled to a constant depth of 12 mm. The cutting torque
was measured using a magnetostatic sensor mounted on rotating shaft of the drilling machine
[4-8]. The criterion for determining the tool life was determination of the number of the hole
for which a 4.00-mm dowel would no longer be inserted. The temperature increase in the
workpiece during the machining process was measured by inserting a K-type chromel-alumel
thermocouple at the end of the last drilled hole [9]. The thermocouple was connected to the
IOTeck DAQ with data resolution of 16 bit.
Characterization of Tribolayers Formed During Sliding and Drilling Tests
A Scanning electron microscope (SEM) was used to examine the tool wear after the drilling
experiments by using a high voltage of 20 kV. A distance of 10 mm was set between the sample
and the electron detector. Surface morphologies of the drilled holes were observed with an
optical surface profilometer by which the average surface roughness (arithmetical mean height,
Sa) values were obtained. The compositions of tribolayer formed on the top of the drill’s cutting
edge were studied using a Raman spectrometer with solid-state laser (50 mW Nd-YAG,
532.0 nm excitation line).
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3.3. RESULTS
Lubricated Sliding Friction Of WC-Co Vs. Inconel 718 Using CF and GCF
Variations of COF with sliding cycles for WC-Co sliding against Inconel 718 under the
boundary lubricated sliding condition using CF with different graphene percentages are shown
in Figure 58(a, b). During unlubricated sliding, a high COF of 0.60 was generated. The COF
curves were marked by large fluctuations and neither a distinguishable running in nor a steady
state friction regime was recorded. As shown in Figure 58(a), using CF without graphene, the
COF was reduced to µs = 0.15, a steady state friction regime with smaller fluctuations was
observed. The initial peak in the COF curve corresponded to µR of 0.17. Further decrease in
COF was observed when graphene was added in increasing volume percentages in CF
(Figure 58(b)). The results showed that regardless of the concentration of the graphene, the
sliding tests with GCF resulted in lower COF than when CF without the graphene was used.
The average COF of three tests curves exhibited running-in and steady state regimes are
presented in Figure 59(a, b). For tests conducted in the GCF with 54×10-5 wt.% graphene in CF,
the lowest µR of 0.086 and µs of 0.080 were recorded. This graphene concentration was selected
to be used as in the cutting fluid in the drilling tests of Inconel 718 with WC-Co tool, as
described in the Section 3.3.2.

Chapter 3: Flooded drilling of Inconel 718 using graphene …

79

Figure 58 Variation of COF with the number of revolutions when WC-Co was tested against Inconel
718 counterface in (a) dry and CF, (b) lubricated conditions with varying concentrations (GCF) where
GCF13=13×10-5 wt.% graphene, GCF25=25×10-5 wt.% graphene, GCF54=54×10-5 wt.% graphene and
GCF76=76×10-5 wt.% graphene.
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Figure 59 Variation of (a) running-in and (b) steady state COF for CF and GCF lubricated sliding
conditions with varying concentrations. Each point represents the average value of the three iterative
tests performed in all test conditions. The error bars denote the standard deviation about the mean COF
value from the three iterative tests.

Figure 60(a) shows a secondary electron image (SEI) of the wear track generated on the WC-Co
surfaces which is typical image showing tribolayers that were formed at the wear track in the
form of discrete patches located usually along the boundaries of the wear track and aligned in
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the sliding direction during the lubricated test using GCF. The EDS map shows that the
tribolayers incorporated carbon (Figure 60(b)). The elemental C distribution map in
Figure 60(b) suggests that graphene in the cutting fluid became deposited on the wear track
during sliding contact. The examination of the Inconel 718 sliding surfaces provided evidence
for severe plastic deformation at the contact surface and formation of long deformed fragments
extruding forward ahead of sliding contact surface Figure 60(c). The EDS maps such as the one
shown in Figure 60(d) showed that the extruded fragments were rich in C (Figure 60 (d)).
Therefore, graphene particles deposition on the worn surfaces occurred simultaneously with
sliding induced plastic deformation of Inconel 718. The Inconel 718 pin contact surfaces were
also examined after sliding tests conducted using CF and a SEM image is shown in Figure 61(a).
In this case no noticeable transfer layer could be observed on the contact surface of Inconel 718
(Figure 61 (a)). Along the alloying elements (Ni) only presence of O was detected on the wear
scar (Figure 61(b, c)). The pin-on disk tests, therefore, revealed that GCF when used as a
lubricant during the sliding tests reduced the COF of Inconel 718 by forming tribolayers on the
top of both pin and disk surfaces.
Drilling Torque in Dry, CF (With 0 Wt.% Graphene) And GCF (CF with 54×10-5 Wt.%
Graphene)
Inconel 718 was first subjected to drilling without using CF, i.e., drilled in dry condition and
during these tests the WC-Co drill failed after only after drilling a few holes due adhesion of
Inconel 718 and also due to tool wear. Figure 62 (a) shows the variations of measured drilling
torque values with the drilling time recorded during dry drilling using WC-Co drills. A high
torque >7 Nm, while drilling the third hole was observed and tool failure occurred. In
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comparison, during the drilling tests using flooded CF drill failure did not occur for the entire
duration of the test consisting of 50 holes. The values of maximum and average torques were
low compared to those generated during drilling in dry condition (Figure 62(b)). However,
during flooded CF drilling, torque spikes were observed during drilling of several holes
(Figure 62 (b)). When drilling was conducted using cutting fluid with 54×10-5 wt.% graphene
(GCF), the average torque was not only low but also stable. The torque spikes were occasionally
observed and the peak values were smaller (Figure 62(c)). The result are summarized in
Figure 62(d) which shows a constant average torque from the first hole to the 50th hole (2.01 ±
0.02 N-m).

Figure 60 (a) Typical secondary electron images of wear tracks formed on the WC-Co surface when
tested against Inconel 718 using GCF as lubricant. The elemental EDS map taken from (a) is shown in
(b) for C, (c) Secondary electron image of the Inconel 718 pin surface taken after sliding against WCCo at GCF condition. The elemental EDS map taken from (c) is shown in (d) for C.
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Figure 61 (a) Typical secondary electron images of wear tracks formed on the WC-Co surface when
tested against Inconel 718 using CF as lubricant. The elemental EDS maps taken from the area shown
in (a) are for (b) Ni and (c) O.
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Figure 62 Variations (with time) of the torques generated during (a) dry, (b) CF, (c) GCF. Torque data
are obtained for WC-Co in dry drilling until failure for CF and GCF conditions for 50 holes. (d) A
comparison of average torques under dry, CF and GCF drilling conditions using WC-Co drills.
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Temperature Increase During Drilling
The temperature values recorded during drilling of the first holes under each drilling condition
and plotted as a function of the length of the hole as the drill moves inside Inconel 718
workpiece. The schematic illustration showing the cross-section of a drilled hole and the
position of the thermocouple hole is shown in Figure 63(a). The temperature variations obtained
in this way for dry drilling and drilling with CF and GCF are plotted in Figure 63(b).
Accordingly, the maximum temperature attained during the dry drilling was 482 ᵒC at the base
of the drilled hole, whereas when drilling using CF, the maximum temperature attained was
167 ºC and using GCF the temperature did not exceed 97 ºC. The temperature profile obtained
during GCF drilling was more stable than the one generated using CF in drilling. The low and
uniform temperature observed for GCF was due to the high thermal conductivity of graphene
facilitating heat dissipation from tool-workpiece interfaces. It can be suggested that as the
temperature generated during GFC drilling was low the amount of workpiece material adhering
to the tool would be low as the material transfer phenomenon during drilling is affected by the
softening behaviour of the workpiece at high temperatures. The tribolayers that were generated
on the tool surface could assist maintaining low interface temperatures by reducing the COF
hence lowering the drilling torque. These points will be examined in Section 3.4.
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Figure 63 (a) Schematic illustration showing the cross-section of a drilled hole and the position of the
thermocouple hole, (b)Variations (with hole depth) of temperature generated during dry, CF and GCF
drilling of the first hole in each case.
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SEM Observation of Cutting Edge of Drills
Material transfer from Inconel 718 to the WC-Co drill and adhesion of transferred material to
drill flutes occurred during drilling in dry condition due to the temperature increase.
Figure 64(a) shows the schematic illustration of the observed area of the drill cutting edge.
Figure 64(b) shows the back scattered electron image of the cutting edge of drill flute used in
dry condition. It was found that the entire cutting edge of the drill was converted by adhered
material transferred from Inconel 718. The height of the BUE formed in this way was 300±130
µm. The use of CF reduced the adhesion of Inconel 718 and the height of the BUE was reduced
to 142±31 µm. However, extensive tool edge chipping was observed after drilling 50 holes
(Figure 64 (c)). The average depth of the chipped zone was 258±78 µm. On the other hand, the
drill cutting edge did not exhibit detectable amount of adhesion of Inconel 718 when GCF was
used. (Figure 64(d)).
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Figure 64 (a) The schematic illustration of the observed area of the drill cutting edge. Back scattered
electron images of cutting edge of the WC-Co drills used in (b) dry, (c) CF and (d) GCF drilling
conditions.
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Subsurface Plastic Deformation During Drilling
Typical cross-sectional optical images showing plastically deformed subsurface zones under
the surfaces of the holes drilled in Inconel 718 using dry, CF and GCF drilling conditions are
given in Figure 65 (b-d). The surface with duplex grains (Figure 57) was perpendicular to the
axis of the drill as shown in Figure 65(a).
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Figure 65 (a) Schematic illustration of the sample and the location of the images taken using optical
microscopy. Typical cross-sectional optical images showing plastically deformed subsurface layers
under the drilled holes on Inconel 718 formed under (b) dry, (c) CF and (d) GCF drilling conditions.

Deviations from the initial position of grain boundaries were considered to be due to the plastic
shear strains [10] generated at the drilled Inconel 718 alloy’s surface and subsurface regions.
For each drilling experiment, at least 10 different locations below the hole surfaces of the last
drilled hole were examined. The depth of plastic deformation zone for each condition were
estimated from the observations of the changes in the grain microstructures near the drilled
surface. For dry machining (Figure 65 (b)), the average depth of deformed zone was 75±6 μm.
High COF in dry drilling (Figure 58 (b)) resulted in high adhesion of workpiece materials on
the cutting tool (Figure 64 (b)) which changed the geometry of cutting edge (see Section 3.3.4),
acting like a high radius cutting edge. This can be responsible for cutting of the workpiece
material by ploughing action rather than shearing [11], leading to extrusion of the material
between the tool and workpiece.
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This process would result in generation of a high cutting force [12], which can be observed
from Figure 62, and high subsurface deformation in dry drilling process. A smaller average
depth of subsurface deformation of 12±3 μm was observed in CF drilling conditions
(Figure 65(c)). In this condition, adhesion of Inconel 718 to the cutting edge was decreased
(Figure 64(b)). Thus, shearing action, rather than ploughing action occurred. When drilling was
made using GCF, plastic deformation was not detected as the grain boundary displacements
were not easily observable at this magnification (Figure 65(d)). In some parts of the drilled hole,
the deformation layer depth of 5±1 μm can be seen in Figure 65(c), however, in general the
depth of deformation was approximately 1 μm. This is attributed to the fact that the cutting edge
retained its original shape, and consequently, shear cutting action resulted in almost no
deformation in the subsurface region of the machined workpiece.
Analysis of Surface Finish
The features of the hole surfaces drilled in different drilling conditions were examined using an
optical surface profilometer. 3-D surface contours of the drilled holes are presented in
Figure 66(a–c), which are the representative surface morphologies. The hole surfaces after dry
drilling exhibited the highest surface roughness as expected (Figure 66(a)), while CF and GCF
drilling produced smoother surfaces (Figure 66(b, c)). The changes in the arithmetic mean
height (Sa) variations with the number of holes produced are plotted in Figure 66(d). The Sa of
the first hole was 5.27±1.06 µm in CF and 4.75 ±0.87 µm in GCF drilling conditions. The Ra
values of surfaces drilled using GCF was lower than the CF and did not raise with the holes
number drilled. The surface roughness results indicated that the use of GCF provided an
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improved drilled hole surface quality in addition to reducing the average torque when compared
to CF drilling.
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Figure 66 Three-dimensional optical surface profilometry images of typical surfaces of drilled holes
using WC-Co drills in (a) dry, (b) CF and (c) GCF after drilling 50 holes. (d) Comparisons of
arithmetic mean height (Sa) variations of drilled holes using WC-Co drills in dry, CF and GCF
conditions.
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3.4. DISCUSSION
It is instructive to analyze the effect of friction on drilling by examining the COF curves
obtained using the tribological test that are described in Section 3.2.2. It is also useful to
consider the morphological features of worn surfaces subjected to sliding. As presented in
Figure 58(a), in lubricated sliding tests using CF, Inconel 718 in sliding against WC-Co,
showed high COF values with large fluctuations about the mean COF values. In contrast, the
use of 54×10-5 wt.% graphene added to the cutting fluid (GCF) resulted in a lower running- in
COF. A low steady-state COF with smaller fluctuations was also observed. A carbon rich
tribolayer on the tool surface was also formed during drilling with GCF as evident from
Figure 64(c) and this would likely reduce the COF between the tool and workpiece. The
tribolayer formed on the WC-Co drill was further characterized using Raman spectroscopy. The
spectrum obtained from the tribolayer was compared with that of the pristine graphene as shown
in Figure 67. The Raman spectrum of the graphene in Figure 67 showed the characteristic G
and 2D peaks of graphene at 1578 cm−1 and 2705 cm−1 respectively. As 2D/G <1 a multilayered
graphene structure was predicted by this spectrum [13]. The low intensity of D-band of the asreceived graphene suggested a structure with low defect density [14, 15]. The Raman spectra
of tribolayers formed in sliding and drilling experiments (Figure 67) suggested that the
graphene was subjected to damage; as revealed by high intensity of D bands.
Figure 67 (a-c) shows the D peaks of the Raman spectra obtained from the tribolayers were not
only higher than the graphene before being subjected to sliding and drilling tests but their peak
position shifted to ~1351 cm-1 from the D peak’s initial position, which was 1365 cm-1 for the
as-received graphene. The existence of (D+G) band at ~2735 cm-1 can also be seen in

Chapter 3: Flooded drilling of Inconel 718 using graphene …

97

Figure 68(b, c). The D peak and occurrence of the (D+G) peak provided the evidence of sliding
induced defect generation. The defects produced due to sliding include fracture at the edge of
graphene and vacancy formation [14]. An increase in the concentration of vacancies and
formation of edge defects would facilitate dissociation of H- and -OH from ethanol or water
[15-19]. It is generally observed that the friction behavior of graphene involves formation of
tribolayers on the counterface [15-19]. These tribolayers consist of graphene layers that were
damaged during the sliding process and the graphene layers were weakened as a result of the
dissociated H- and OH- that were absorbed by the layers at the defect sites, reducing the binding
energies and increasing the spacing [14]. In general, these tribochemical mechanisms help to
reduce the adhesive interactions, hence the COF, between the tools and workpieces surfaces. In
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summary, the GCF drilling facilitated formation of a tribolayer on the tool surface. Thus, a low
and stable torque was observed during drilling using GCF compared to CF.

Figure 67 Raman spectra of (a) as received graphene. The Raman spectra of the tribolayer formed
during (b) sliding test, and (c) drilling operation.

Chapter 3: Flooded drilling of Inconel 718 using graphene …

99

Another important aspect of graphene is thermal conductivity. The high thermal conductivity
of graphene allowed easy dissipation of cutting temperature from the tool-workpiece interface.
This is another factor that should be taken into account at the microstructural level because the
higher temperatures, such as those generated during dry drilling would soften the material cause
more deformation (Figure 65) and consequently promote adhesion resulting in high COF
(Figure 58) and a high drilling torque (Figure 62). Thus, rationalization of the effect of graphene
in cutting fluid on machining is complex as both atomistic and microstructural effects should
be considered as discussed above. However, the advantages of the graphene addition to the
cutting fluid are clear resulting in low and stable cutting forces and smoother surfaces. There
should be more work done to understand why the particular volume percentage of graphene
would result in a minimum COF in tribological tests.
Although the use of graphene in cutting fluid is advantageous for cutting the Inconel 718,
however, the cost of production and cutting fluid waste management should be considered for
mass production.
3.5. CONCLUSIONS
(1) The results of this chapter showed that that the use of graphene incorporating cutting fluid
(GCF) during drilling process of Inconel 718 would reduce cutting torque and improve
machined surface quality. The reasons for these improvements were investigated starting
from tribological tests that determined the coefficient of friction (COF) between
Inconel 718 and the tool material and showed the importance of formation of tribolayers in
controlling the friction. The graphene incorporating tribolayers reduced the COF of
Inconel 718 WC-Co system.
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(2) The study of the tribological behaviour of Inconel 718 has proven to be a key factor in
understanding the mechanism leading to the improvements in the drilling process. The
lowest COF of the Inconel 718 / WC-Co tribosystem was 0.05 that was recorded for the
boundary lubricated tests using GCF with 54×10-5 wt.% graphene; at higher concentrations,
an increasing COF trend was observed. Flooded drilling of Inconel 718 workpiece using
WC-Co drills using GCF with this low percentage of graphene resulted in the formation of
tribolayers with the same composition as those formed in tribological tests.
(3) Subsurface deformation of drilled surfaces of Inconel 718 were examined by crosssectional optical microscopy that showed that both the depth of deformation zone and the
subsurface strains were reduced compared to flooded drilling due to reduction of cutting
temperatures when GCF drilling was used due to the formation of tribolayers.
Consequently, adhesion between the interfaces was minimized; This resulted in a reduction
in drilling torque by 20% and arithmetic mean height (Sa) of machined Inconel 718
surfaces by 50%.
(4) In summary, formation of tribolayer on the tool rake face, as a result of addition of GNP to
the cutting fluid, reduced the COF in the tool-chip interface which resulted in reduction in
cutting torque and temperature leading to low tool wear. Consequently, tooling retained its
original shape, which in turn, contributed to more shearing action, rather than ploughing
action, during the cutting process. Therefore, less microstructural deformation was
observed when GCF was utilized and the produced surface roughness was reduced
compared to flooded and dry cutting conditions.
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TURNING OF INCONEL 718 UNDER CRYOGENIC
CONDITION IN COMPARISON TO FLOODED CUTTING: A
MULTI-RESPONSE OPTIMIZATION APPROACH USING

RSM

4.1. INTRODUCTION
The literature survey in Chapter 2 showed that cryogenic machining did not always improve
the machinability of Inconel 718. This chapter uses response surface methodology (RSM) to
address this question that which set of parameters should be used during the cryogenic
machining to obtain an overall favorable performance which is comparable or even better the
conventional flooded cutting.
Response surface methodology (RSM) is a statistical analysis method which is used for
designing the experiments and optimizing the process parameters [1, 2]. It is well known
that RSM can help to determine the set of machining parameters under new
cutting conditions under which the tool wear is low and productivity is high. It has been
employed for optimization of manufacturing processes of various alloys including superalloys
[3-5]. The use of RSM could determine the set of machining parameters under which these
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new cutting methods could provide high machining efficiency and low tool wear. Response
Surface Methodology (RSM) is a powerful tool for systematic investigation of effect of process
parameters on the response factors [6]. However, there are few works on optimization of
parameters under cryogenic machining of superalloys. Most of the previous reports on
cryogenic machining of Inconel 718 were based on experiments that were conducted at cutting
parameters that were either randomly selected or were conceived to be the most important ones
according to the researchers. Although the parameters used in these experiments were generally
consistent with those recommended by the manufacturers, the selection of the cutting
parameters used in the laboratory experiments can be improved using RSM. Thus, a systematic
approach has been adopted in the current research to determine an optimum set of machining
parameters [7]. Pusavec, et al. [8] have attempted to address this question by optimizing the
cutting parameters using RSM. However, they compared cryogenic cooling with MQL and
Cryo/MQL. According to the results, cryo-MQL showed the better results in terms of tool wear
and cutting force. Speed of 42.3 m/min, feed of 0.05 mm/rev and depth of cut of 0.88 mm were
found to be optimum cutting parameters. However, the lack of a systematic optimization of
cryogenic cutting in machining of superalloys is still existing in the literature.
This chapter consists of two parts: in the first part, turning tests were done on Inconel 718 by
spraying LN2 to the cutting area at different cutting parameters (cutting speed, feed rate and
depth of cut) and the resulted flank wear, cutting force and Ra surface roughness were compared
with the data from flooded and dry cutting. The main objective of this part is to evaluate the
effectiveness of application of LN2 to the cutting area in increasing the machinability of
Inconel 718 so that it will be comparable to conventional flooded cutting. In the second part,
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statistical analysis and multi-response optimization using desirability function of RSM were
employed in order to investigate the effect of cutting parameters on the response factors, namely
flank wear, cutting force, Ra surface roughness and material removal rate (MRR) and determine
the optimum cutting parameters in cutting using LN2. For this purpose, cutting speed, feed rate
and depth of cut were selected as cutting parameters each in five levels.

4.2. MATERIALS AND METHODS
The turning experiments were conducted on HAAS CNC Lathe using uncoated cemented
carbide inserts and a tool holder with the ISO designation of DNGG150402 and PDJNR2020
manufactured by Sandvik Cormorant. The cross-sectional analysis of the cutting edge of the
tool showed that the rake angle was +9°. To prevent ploughing action, and consequently, lower
plastic deformation during the cutting process, tool radius was selected at the lower amount
(0.2 mm) and the depth of cut was selected to be more than tool radius (Table 5) [9].
Hot rolled bars of Inconel 718 with the composition (wt.%) of Ni 53.84, Fe 18.02, Cr 17.98,
(Nb+Ta) 5.39, Nb 5.38, Mo 2.92, Ti 0.96, Al 0.47, Co 0.35, Mn 0.09, Si 0.08, Cu 0.05, C 0.02,
P 0.01, B 0.004, S 0.0003, Ta <0.01, Mg <0.01, and Ca <10 PPM were used as the workpiece
material. The samples were solution treated with the cycle consisting of heating to 955ᵒC and
holding for 1 hour and then quenched in water. Figure 68 shows that the microstructure of the
Inconel 718 consisted of a bimodal grain structure with small (19 ± 3 µm) and large grains (60
± 10 µm) with hardness values of 290 HV and 243 HV.
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Figure 68 Microstructure of Inconel 718 workpiece.

Cryogenic cutting experiments were conducted using a rotating pump mounted to a flask
containing LN2 to spray the liquid nitrogen on the cutting edge of the tool and contact surface
of the workpiece. The experimental setup and application of LN2 to the cutting area is shown
in Figure 69a, b. The flooded cutting experiments were conducted by applying synthetic cutting
fluid.

Figure 69 (a) Experimental setup showing the LN2 Dewar flask, rotary pump and wireless data
acquisition system, (b) application of LN2 to the cutting area.
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Linear strain gauges mounted on the tool holder were used to measure the cutting force in the
tangential direction. The resistance and gauge factor of the strain gauges were 3.5 kΩ and 2.08
(Figure 70a). Since the changes in the resistance of strain gauges were very low (usually less
than 0.5%) [9], a Wheatstone bridge configuration was used [10] (Figure 70b). A ‘groove’ or
reduced gauge section with thinner cross sectional area was machined on the tool holder where
the strain gauges were located for measuring elastic deflections during the machining process
with high sensitivity. Figure 70c shows the modified tool holder and the strain gauges attached
to the ‘groove’ on it. The calibration of the measurement set up was done before each cutting
experiment by hanging of weights and a linear relationship between the applied load and the
output voltage Vout was observed as shown in Figure 70d. A data acquisition system including
a wireless transmitter (V-Link 2.4 GHz Wireless Voltage Node 181) and an analog base receiver
(MicroStrain Micro TxRx wireless base station W/ analog outputs) was used to measure the
cutting forces during the turning process [11]. The real time streaming rate of this data
acquisition system was up to 4 KHz and the analog latency while one channel was active was
2.5 ms.
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Figure 70 (a) Dimensions of linear strain gauge, (b) Wheatstone bridge configuration on the tool
holder, (c) strain gauges attached on the tool holder, (d) calibration diagram, the obtained equation is
𝐿𝑜𝑎𝑑 = 1.1209 × 𝑉𝑜𝑢𝑡 – 2251.

Flank wear values were recorded according to ISO 3685:1993 standard by measuring the flank
wear land in the B region [12] at least in 10 spots and the average values are reported. After
each experiment, the insert was unmounted from the tool holder and its surface was examined
using a ZEISS Axio Vert optical microscope at ×20 magnification which was fitted with a
camera for measuring the obtained pictures using ImageJ software.
Vertical Scanning Interferometry (VSI) mode of WYKO NT 1100 optical profilometry system
was utilized for 3D measurement of machined surface roughness values. The measurements
were done at least in five area of the machined surface.
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Turning experiments were designed following response surface methodology (RSM) using
MINITAB software. Figure 71 shows the design of experiments cube plot. Axial, factorial and
center points are illustrated in this figure along with the related test numbers. Axial points
estimate the quadratic terms of the model. factorial portion of the design contribute to the
estimation of the interaction terms in the second-order model. The center points provide an
internal estimate of error and contribute toward the estimation of quadratic terms [13].

Figure 71 RSM design of experiments cube plot with the test numbers.

The results section is presented in two parts: in Section 4.3.1. a comparison of response
parameters namely, flank wear, cutting force and Ra surface roughness on machining under
cryogenic cutting condition with flooded and dry cutting are presented. The objective of this
part was to investigate whether any improvement in machining of Inconel 718 by application
of liquid nitrogen to the cutting area would acquire compared to flooded and dry machining.
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The experiments in this part were carried out using parameters shown on the axial points (red
points) in Figure 71. In section 4.3.3, statistical analyses and multi-response optimization of
parameters using analysis of variance (ANOVA) and desirability function of RSM in machining
under cryogenic condition are given. Statistical analyses were conducted using all the axial,
factorial and central points of the RSM experimental design consisting of 20 experiments
(Figure 71). Three cutting parameters (cutting speed, feed rate and depth of cut) each at five
levels were considered as the process parameters (Table 5). Material removal rate (MRR), flank
wear, cutting force and surface roughness were considered as the response factors.
4.3. RESULTS AND DISCUSSIONS
Comparison of Cryogenic Cutting with Flooded and Dry Machining
The objective of this part is to assess whether the application of liquid nitrogen to the cutting
area during the turning experiments would improve the machinability of the Inconel 718
compared to the conventional flooded cutting. In addition, since cryogenic cutting is considered
as a type of dry cutting method, the results were also compared to dry machining. For this
purpose, seven experiments were done according to the axial points of the experimental design
shown in Figure 71 under cryogenic, flooded and dry conditions and the results of flank wear,
cutting force and Ra surface roughness were compared to evaluate the performance of the
cryogenic cutting (Table 4).
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Table 4 Experimental results of flank wear, cutting force and Ra surface roughness under different
cutting conditions.
Cutting Parameters Cryogenic
Flooded
Dry
Vc
f
ap
𝑉𝐵𝐵 (µm) 𝐹𝑐 (N) Ra (µm) 𝑉𝐵𝐵 (µm) 𝐹𝑐 (N) Ra (µm) 𝑉𝐵𝐵 (µm) 𝐹𝑐 (N) Ra (µm)
120 0.05 0.5 160
122 0.920
154
104 0.872
201
99
0.764
70
0.09 0.5 67
140 1.405
71
142 1.270
102
133 0.548
70
0.05 0.7 60
120 1.775
69
124 0.576
103
121 0.789
20
0.05 0.5 53
108 0.675
51
117 0.651
47
97
0.660
70
0.01 0.5 77
19
1.656
128
40
0.317
185
44
0.693
70
0.05 0.3 23
40
0.534
76
67
0.431
101
52
0.577

Effect of Cutting Parameters on Flank Wear Under Different Cutting Conditions
Figure 72a-c shows the variation of average flank wear values with cutting speed, feed rate and
depth of cut for cryogenic, in comparison with flooded and dry cutting conditions. Flank wear
values were recorded according to ISO 3685:1993 standard by measuring the flank wear land
in the region B [12] at least in 10 spots and the average values are reported. The variation of
flank wear values with cutting speed, feed rate and depth of cut were similar under all the cutting
conditions. Flank wear increased with the increase in cutting speed as shown in Figure 72a. By
increasing feed rate from low (0.01 mm/rev) to medium (0.05 mm/rev) values, flank wear
decreased. However, at a higher feed rate of 0.09 mm/rev, flank wear did not change
significantly compared to the one at 0.05 mm/rev (Figure 72b). Measured values of flank wear
were almost constant for all the cutting depth values (Figure 72c). Flank wear values were
almost the same for cryogenic and flooded conditions at all cutting parameters while dry cutting
resulted in higher flank wear at all the cutting parameters. Small standard deviations about the
mean values of flank wear generated during flooded and cryogenic cutting revealed high
uniformity of flank wear in comparison to dry cutting condition [14].
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Figure 72 Average flank wear values at different (a) cutting speeds (f = 0.05 mm/rev, ap = 0.5 mm), (b)
feed rates (Vc = 70 m/min, ap = 0.5 mm) and (c) depth of cuts (Vc = 70 m/min, f = 0.05 mm/rev) under
cryogenic, flooded and dry conditions.
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Tool wear types under cryogenic, flooded and dry conditions were investigated using scanning
electron microscopy (SEM) (Figure 73-Figure 75). It was observed that under cryogenic
condition, abrasion of the flank face of the tool and adhesion of Inconel 718 and formation of
built-up edges (BUE) were the wear mechanisms for almost all the set of parameters that
machining tests were conducted. Typical adhesion of Inconel 718 on the flank face of the
cutting tool is shown in Figure 73a-d. Adhered layer of Inconel 718 material was observed at
low cutting speed of 20 m/min (Figure 73a). At high feed rate of 0.09 mm/rev (Figure 73b)
BUE was formed in the depth of cut region of the tool. At depth of cut values of 0.3 mm
(Figure 73c) and 0.7 mm (Figure 73d), BUE and abrasion along with adhesion were observed
around the tool nose. This shows that abrasion occurred before adhesion of the Inconel 718
material on the cutting edge of the tool. Chipping was another wear type that was observed
under cryogenic cutting at low feed rate of 0.01 mm/rev. Figure 73e shows the chipping on the
cutting edge from the end cutting edge view. Wear mechanism changed at the 120 m/min
cutting speed to mainly abrasion of the flank face of the cutting tool (Figure 73f).
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Figure 73 Typical tool wear types observed in turning of Inconel 718 under cryogenic condition at (a)
Vc: 20 m/min, f: 0.05 mm/rev, ap: 0.5 mm. (b) Vc: 70 m/min, f: 0.09 mm/rev, ap: 0.5 mm. (c) Vc: 70
m/min, f: 0.05 mm/rev, ap: 0.3 mm. (d) Vc: 70 m/min, f: 0.05 mm/rev, ap: 0.7 mm. (e) Vc: 70 m/min, f:
0.01 mm/rev, ap: 0.5 mm. (f) Vc: 120 m/min, f: 0.05 mm/rev, ap: 0.5 mm.
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Figure 74 Typical tool wear types observed in turning of Inconel 718 under Flooded condition at (a)
Vc:20 m/min, f: 0.05 mm/rev, ap: 0.5 mm. (b) Vc:70 m/min, f: 0.01 mm/rev, ap: 0.5 mm. (c) Vc: 70
m/min, f: 0.05 mm/rev, ap: 0.1 mm. (d) Vc:120 m/min, f: 0.05 mm/rev, ap: 0.5 mm. (e) Vc:70 m/min, f:
0.09 mm/rev, ap: 0.5 mm. (f) Vc: 70 m/min, f: 0.05 mm/rev, ap: 0.5 mm.
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Figure 75 Typical tool wear types observed in turning of Inconel 718 under Dry condition at (a) Vc: 20
m/min, f: 0.05 mm/rev, ap: 0.5 mm, (b) Vc:120 m/min, f: 0.05 mm/rev, ap: 0.5 mm, (c) Vc:70 m/min, f:
0.05 mm/rev, ap: 0.1 mm, (d) Vc: 70 m/min, f: 0.05 mm/rev, ap: 0.5 mm, (e) Vc:70 m/min, f: 0.01
mm/rev, ap: 0.3 mm, (f) Vc: 70 m/min, f: 0.09 mm/rev, ap: 0.7 mm.
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Abrasion and adhesion both were observed on the cutting edge after machining under flooded
cutting (Figure 74a-f). At low cutting speed of 20 m/min, feed rate of 0.01 mm/rev and depth
of cut of 0.1 mm, abrasion was the dominant wear mechanism (Figure 74a-c), although slight
adhered layers of Inconel 718 material along with BUE was also observable. Increase in cutting
speed to 120 m/min (Figure 74d), feed rate to 0.09 mm/rev (Figure 74e) and depth of cut to
0.5 mm (Figure 74f) led to increase the adhered layer and BUE on the cutting tool. However,
abrasion was still an important wear mechanism on flank wear of the tool at these parameters.
In dry cutting, abrasion was the most significant wear mechanism on flank wear of the cutting
tool (Figure 75a-f). Formation of adhered layer and BUE was lower compared to flooded
cutting. At 20 m/min (Figure 75a) and 120 m/min (Figure 75b) cutting speeds, abrasion was the
dominant wear mechanism. At 0.1 mm (Figure 75c) and 0.5 mm (Figure 75d) depth of cuts,
adhesion and BUE were observed on the flank face of the tool. Chipping of the tool nose was
occurred at low feed rate of 0.01 mm/rev and low depth of cut of 0.3 mm (Figure 75e). At high
feed rate of 0.09 mm/rev and high depth of cut of 0.7 mm, adhesion of Inconel 718 material
was significant and BUE was formed on the cutting tool (Figure 75f). Zhuang, et al. [15]
reported similar results in which high adhesion and built-up edge (BUE) were observed in
cryogenic cutting and high abrasion in dry cutting of Inconel 718 when comparing the results
with plasma-enhanced machining (PEM). Moreover, Pusavec, et al. [8] observed catastrophic
failure on the cutting edge during the cryogenic cutting of Inconel 718 when comparing it with
dry, MQL and CryoMQL conditions.
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4.3.2.1. Effect of cutting parameters on cutting force under different cutting conditions
Figure 76a-c shows the variation of cutting force values in terms of cutting parameters under
cryogenic, flooded and dry conditions. Cutting force was the lowest at the medium cutting speed
(70 m/min) under all cutting conditions. While cryogenic cutting resulted in lower cutting force
in low and medium cutting speed compared to flooded cutting, at the high cutting speed, cutting
force was higher under cryogenic cooling. This can be attributed to change in wear mechanism
under cryogenic cutting (Figure 73f). Cutting force was measured to be low under dry cutting
which was because of sharp tool edge and the small length of cutting whereby the effect of high
tool wear was not taken effect yet. Similar results were obtained in previous works; cutting
force and surface roughness were higher in wet machining than dry cutting in turning
Inconel 718 done by Devillez, et al. [16]. Tebaldo, et al. [14] reported a negligible variation in
cutting forces among the different cooling techniques (dry, MQL, MQC and wet). They also
showed higher cutting force in flooded than cryogenic and MQL.
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Figure 76 Cutting force values at different (a) cutting speeds (f = 0.05 mm/rev, ap = 0.5 mm), (b) feed
rates (Vc = 70 m/min, ap = 0.5 mm) and (c) depth of cuts (Vc = 70 m/min, f = 0.05 mm/rev) under
cryogenic, flooded and dry conditions.
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With respect to the effect of feed rate and depth of cut on the cutting force, it was observed that
by increasing feed rate and depth of cut, cutting force had an increasing trend (Figure 76b, c).
At low depth of cut and feed rate, cryogenic cutting resulted in lower cutting force than flooded
and dry cutting whereas at medium and high parameters the cutting force values were almost
the same under all the cutting conditions.
4.3.2.2. Effect of cutting parameters on Ra surface roughness under different cutting conditions
Figure 77a-c shows variations of Ra surface roughness with cutting parameters (cutting speed,
feed rate and depth of cut) under different cutting conditions. There was a minimum value of
Ra at medium cutting speed of 70 m/min for all the cutting conditions (Figure 77a). This is
attributed to the low cutting force at this parameter (Figure 76a). Generally, flooded cutting
resulted in lower surface roughness than cryogenic cutting at all the cutting conditions. Similar
results were reported by Tebaldo, et al. [14]. They compared MQC with dry and flooded cutting
and reported that the lowest magnitude of surface roughness when flood turning was obtained
compared to cryogenic cutting. Figure 77b-c showed that high values of Ra were observed at
low feed rate (0.01 mm/rev) and high depth of cut (0.7 mm) when cutting under cryogenic
condition while flooded cutting resulted in much lower Ra values at these parameters. Dry
cutting resulted to lower roughness values compared to cryogenic cutting at all the cutting
parameters. Similar results were reported by Pusavec, et al. [8] in turning of Inconel 718. They
reported high Ra roughness values under cryogenic cutting in comparison to dry cutting at all
the cutting speeds.
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Figure 77 Average Ra surface roughness values at different (a) cutting speeds (f = 0.05 mm/rev, ap =
0.5 mm), (b) feed rates (Vc = 70 m/min, ap = 0.5 mm) and (c) depth of cuts (Vc = 70 m/min, f = 0.05
mm/rev) under cryogenic, flooded and dry conditions.

Produced workpiece surface quality under cryogenic and flooded cutting conditions were
closely investigated by SEM (Figure 78a, b). Figure 78a shows surface quality produced under
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cryogenic condition at different feed rates. At low feed rate (0.01 mm/rev) cavity and high builtup layer (BUL) resulted in high roughness value (1.7 µm) and poor surface quality. Side flow
and BUL were observed at high feed rate (0.09 mm/rev) in lesser extent than 0.01 mm/rev, but
the roughness value was still high (1.4 µm). Side flow is the result of high pressure on the
workpiece material left behind on the on the secondary cutting edge of the tool [10]. It has been
shown that side flow can be zero for brittle materials [17]. At the medium feed rate
(0.05 mm/rev), however, the surface defects such as groove and BUL were less prominent and
the roughness value dropped to 0.6 µm, resulting in good surface quality, which was
comparable to the one produced under flooded cutting as shown in Figure 78b. Under flooded
cutting, unlike the cryogenic cutting, the obtained quality of the machined surfaces was
consistent whereby there were no dramatic changes in formation of surface defects at different
cutting parameters. However, the surface roughness increased with feed rate (Figure 78b).
Similar consistency in the produced surface quality was observed at different depth of cut values
(Figure 77c). Therefore, surface quality and formation of surface defects under cryogenic
condition was highly dependent on the cutting parameters at which the machining process was
carried out.
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Figure 78 Variation of surface quality with feed rate (Vc = 70 m/min, ap = 0.5 mm) under (a)
cryogenic, (b) flooded cutting conditions.
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Statistical Analysis and Optimization of Cutting Parameters in Cutting Inconel 718 Under
Cryogenic Condition Using RSM
Experimental results in section 4.3.1 indicated that there can be a set of parameters in which
machinability of Inconel 718 in terms of tool wear, cutting force and surface quality can be
improved without using flooded machining. In order to find the optimum cutting parameters
under cryogenic cutting condition response surface methodology (RSM) was utilized as stated
previously. Cutting speed, feed rate and depth of cut were selected as the process parameters
and flank wear, cutting force, Ra surface roughness and material removal rate (MRR) were
considered as the response parameters for multi-response optimization process using
desirability function. Material removal rate (MRR) is defined as 𝑉𝑐 × 𝑓 × 𝑎𝑝 . Table 5 presents
three cutting parameters, namely cutting speed, feed rate and depth of cut each at five levels
which were considered for RSM statistical analysis. Experimental results of machining of
Inconel 718 under cryogenic condition according to RSM experimental design arrangement are
summarized in
Table 6. The effect of cutting parameters on the response parameters were investigated by 3D
surface graphs and statistical analyses such as ANOVA so as to determine the most significant
parameters on each response factor.
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Table 5 Cutting parameters and their levels.
Cutting Parameters
Level 1
Cutting speed, Vc (m/min)
20
Feed rate, f (mm/rev)
0.05
0.3
Depth of cut, ap (mm)

Level 2
45
0.10
0.4
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Level 3
70
0.15
0.5

Level 4
95
0.20
0.6

Table 6 Experimental results after machining of Inconel 718 under cryogenic condition.
Test Point Cutting parameters
Response Parameters
No. Type Speed, 𝑉𝑐 Feed, 𝑓
Depth of
Flank
Cutting force, Surface
*
wear,
roughness,
(m/min)
(mm/rev) cut,
𝐹𝑐 (N)
Ra (µm)
𝑎𝑝 (mm)
𝑉𝐵𝐵 (µm)
1
C
70
0.05
0.5
62
86
0.534
2
C
70
0.05
0.5
63
89
0.504
3
C
70
0.05
0.5
59
82
0.587
4
C
70
0.05
0.5
55
80
0.490
5
C
70
0.05
0.5
65
83
0.620
6
C
70
0.05
0.5
58
85
0.572
7
A
120
0.05
0.5
160
122
0.920
8
A
70
0.09
0.5
67
140
1.405
9
A
70
0.05
0.7
60
120
1.775
10
A
20
0.05
0.5
53
108
0.675
11
A
70
0.01
0.5
77
19
1.656
12
A
70
0.05
0.3
23
40
0.534
13
F
95
0.03
0.6
125
104
0.536
14
F
95
0.07
0.6
97
153
1.146
15
F
95
0.03
0.4
100
67
0.363
16
F
95
0.07
0.4
103
104
0.658
17
F
45
0.03
0.6
54
106
0.851
18
F
45
0.07
0.6
58
184
1.376
19
F
45
0.03
0.4
54
66
0.961
20
F
45
0.07
0.4
27
110
0.948
* C: Central point, A: Axial point, F: Factorial point

Level 5
120
0.25
0.7

𝑀𝑅𝑅
(cm3/min)
1.75
1.75
1.75
1.75
1.75
1.75
3.00
3.15
2.45
0.5
0.35
1.05
1.71
3.99
1.14
2.66
0.81
1.89
0.54
1.26

4.3.3.1. Effect of cutting parameters on flank wear
The experimental data were used for developing a regression model in terms of flank wear
which is presented in Eq. 15.
𝑉𝐵𝐵 = −18.4 − 1.68 𝑉𝑐 − 1173 𝑓 + 456 𝑎𝑝 + 0.02 𝑉𝑐 2 + 9602 𝑓 2 − 378 𝑎𝑝 2

(15)

Where 𝑉𝐵𝐵 is the average flank wear in the region B (see Section 4.2), Vc is cutting speed, f is
feed rate and ap is depth of cut. Coefficient of determination, 𝑅 2 of the model was calculated as
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95.68% which confirmed the effectiveness of the model. Figure 79a, b shows the normal
probability plot of the residuals for flank wear in which the data closely fall on the straight line
indicating that the errors are distributed normally [13]. This also can be seen in Figure 79b in
which histogram of residuals for flank wear shows distribution around the zero value.

Figure 79 (a) Normal probability plot, (b) histogram of standardized residual for flank wear.
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Figure 80 3D surface graph for interaction effect of (a) cutting speed and depth of cut and (b) feed rate
and cutting speed on flank wear.

Analysis of variance (ANOVA) for flank wear is presented in Table 7. In this table, DF is
degree of freedom which is one for each parameter, SS is sum of squares which is a statistical
technique to determine the variation of data point compared to the line of best fit, MS is mean
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square which is defined as SS/DF. SSE and MSE are are called the sum of squares and mean
square due to error which are determined within each group. SSE is defined by:
𝑆𝑆𝐸 = ∑𝑎𝑖=1 ∑𝑛𝑗=1(𝑦𝑖𝑗 − 𝑦
̅𝑖. )2

(16)

Where 𝑦𝑖𝑗 is ijth observation, 𝑦̅𝑖. is the average of the observations under ith treatment. F-value
is calculated as MS/MSE which is used to determine whether the test is statistically significant,
meaning the results are meaningful and not gained by random [18]. For this purpose, probability
value (P-value) is calculated. P-value is defined as the smallest level of significance (α=0.05)
that would lead to rejection of the null hypothesis which is that the average value of the
dependent variable is the same for all groups [13]. In other words, when the P-value of a variable
is less than 0.05, it can be stated with the 95% of confidence that the variable is statistically
significant and when the P-value of a variable is between 0.5 and 0.1, the variable is considered
marginally significant [19].
Table 7 shows that all the parameters had statistically significant effect on flank wear as the
P-values are less than 0.05. Cutting speed with the P-value of 0.001 for Vc and 0.000 for
𝑉𝑐 2 was a highly significant variable. In addition, F-values of cutting speed showed that it was
the most influential parameter on flank wear.
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Table 7 Results of ANOVA for flank wear.
Source
DF SS
MS (SS/DF)
Model
6
18832.6
3138.76
1
1342.6
1342.57
𝑉𝑐
1
520.5
520.54
𝑓
1
514.5
514.52
𝑎𝑝
2
1
3907.2
3907.17
𝑉𝑐
2
1
370.9
370.92
𝑓
1
360.0
360.03
𝑎𝑝 2
Error
13 849.6
65.35
Total
19 7,864.7

F-Value (MS/MSE)
48.03
20.54
7.96
7.87
59.78
5.68
5.51
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P-Value (α=0.05)
0.000
0.001
0.014
0.015
0.000
0.033
0.035

The effect of cutting parameters on the flank wear can be observed in Figure 80. It is observed
that flank wear increased from 45 µm at 40 m/min to 190 µm at 120 m/min cutting speed
(Figure 80a). Flank wear increased with depth of cut; however, the rate of increase decreased
as the depth of cut values increased (Figure 80b).
4.3.3.2. Effect of cutting parameters on cutting force
Regression model developed for the cutting force (Fc) is presented in Eq. 13. 𝑅 2 value of the
model was calculated as 88.17% which shows the adequacy of the model.
𝐹𝑐 = −3.5 − 2.100 𝑉𝑐 + 1310 𝑓 + 174 𝑎𝑝 + 0.01482 𝑉𝑐 2 + 966 𝑓 2 + 51 𝑎𝑝 2

(17)

Normal probability plot of the residuals for cutting force are shown in Figure 81a. The fact that
the data fall on the straight line shows that the errors are distributed normally. Histogram of
standardized residual depicted in Figure 81b shows that the residuals were distributed around
zero. ANOVA for cutting force is given in Table 8. P-value analysis for the cutting parameters
showed that cutting speed (P-value= 0.01) was the only statistically significant parameter for
cutting force. Feed rate (P-value= 0.12) had a marginally significant effect on cutting force.
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Table 8 Results of ANOVA for cutting force.
Source
DF SS
MS (SS/DF)
Model
6
23025.0
3837.50
1
2103.5
2103.46
𝑉𝑐
1
649.2
649.20
𝑓
1
74.8
74.83
𝑎𝑝
2
1
2156.6
2156.57
𝑉𝑐
2
1
3.8
3.75
𝑓
1
6.6
6.57
𝑎𝑝 2
Error
13 3092.8
237.91
Total
19 26117.8

F-Value (MS/MSE)
16.13
8.84
2.73
0.31
9.06
0.02
0.03
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P-Value (α=0.05)
0.000
0.011
0.122
0.584
0.010
0.902
0.871

3D surface graph for interaction effect of the cutting parameters are shown in Figure 82a, b.
Increase in cutting speed first reduced the cutting force and then increased it. Increase in feed
rate and depth of cut resulted in rise of the cutting force (Figure 82b).
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Figure 81 (a) Normal probability plot, (b) histogram of standardized residual for cutting force.
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Figure 82 3D surface graph for interaction effect of (a) cutting speed and feed rate and (b) cutting
speed and depth of cut on cutting force.

4.3.3.3. Effect of cutting parameters on Ra surface roughness
Regression model for predicting Ra surface roughness was developed (Eq. 14). Coefficient of
determination, 𝑅 2 of the model was calculated as 77.7%.
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𝑅𝑎 = 6.98 − 0.0265 𝑉𝑐 − 88.4 𝑓 − 15.39 𝑎𝑝 + 0.000076 𝑉𝑐 2 + 577 𝑓 2 + 13.69 𝑎𝑝 2 + 0.099 𝑉𝑐 ×

(18)

𝑓 + 0.0172 𝑉𝑐 × 𝑎𝑝 + 53.3 𝑓 × 𝑎𝑝

Normal probability plot (Figure 83a) and histogram of standardized residual (Figure 83b)
showed that the residuals were distributed around the zero which confirmed that the developed
model was adequate. F-values and P-values of feed rate and depth of cut presented in Table 9
showed that these parameters were statistically significant for Ra surface roughness.

Table 9 Results of ANOVA for Ra surface roughness.
Source
DF Adj SS
Adj MS
Model
9
2.53133
0.28126
1
0.08433
0.08433
𝑉𝑐
1
0.60597
0.60597
𝑓
𝑎𝑝
1
0.40831
0.40831
2
1
0.05700
0.05700
𝑉𝑐
1
1.34007
1.34007
𝑓2
2
𝑎𝑝
1
0.47097
0.47097
1
0.01944
0.01944
𝑉𝑐 × 𝑓
𝑉𝑐 × 𝑎𝑝
1
0.01471
0.01471
𝑓 × 𝑎𝑝
1
0.09103
0.09103
Error
10
0.72401
0.07240
Total
19

F-Value
3.88
1.16
8.37
5.64
0.79
18.51
6.51
0.27
0.20
1.26

P-Value (α=0.05)
0.023
0.306
0.016
0.039
0.396
0.002
0.029
0.616
0.662
0.288

Figure 84a shows the variation of Ra surface roughness with cutting speed and feed rate. At
low feed rates Ra values were high, however, by increasing the feed rate, Ra decreased to a
minimum value and then increased again with higher feed rates. The effect of depth of cut on
Ra surface roughness was increase with increasing depth of cut (Figure 84b). With respect to
the cutting speed, by increasing the cutting speed, Ra values decreased (Figure 84a, b).
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Minimum amount of Ra roughness was achieved at cutting speed of 90 m/min, feed rate of 0.04
mm/rev and 0.4 mm depth of cut.

Figure 83 (a) Normal probability plot, (b) histogram of standardized residual for Ra surface roughness.
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Figure 84 3D surface graph for interaction effect of (a) cutting speed and feed rate and (b) cutting
speed and depth of cut on Ra surface roughness.

4.3.3.4. Multi-response optimization
Desirability function of RSM was used to perform the multi-response optimization in order to
find the optimal cutting parameters that would result in the maximum possible material removal
rate, while maintaining the lowest possible flank wear, cutting force and Ra surface roughness
values. Each response parameter was converted to a desirability function varying from 0 to 1 in
which zero means the response is outside the acceptable region and the value of one indicates
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that the response has reached the goal. Individual desirability was combined to provide a
measure of composite desirability of the multi response system [3]. Constraints for optimizing
flank wear, surface roughness, cutting force and material removal rate are summarized in
Table 10. It was determined that cutting speed of 81 m/min, feed rate of 0.06 m/rev and depth
of cut of 0.38 mm were the optimum cutting parameters for achieving flank wear of 61 µm,
cutting force of 82 N and Ra surface roughness of 0.530 µm with the MRR value of
1.88 cm3/min (Table 11).
The proposed ranges for the cutting parameters which was provided by the manufacturer were
cutting speed of 40 m/min (0.08-3), feed rate of 0.04 mm/rev (0.02-0.1) and depth of cut of 0.2
(0.08-3). The optimum feed rate and depth of cut found in this research are in the range of the
manufacturer’s catalogue, but the cutting speed is twice as high as the one that manufacturer
was proposed which means higher production rate can be possible.
Table 10 Constraints for optimization of flank wear, surface roughness, cutting force and material
removal rate.
Response
Goal
Lower Target Upper Weight Importance
Minimum
23
160
1
1
Flank wear, 𝑉𝐵𝐵 (µm)
Cutting force, 𝐹𝑐 (N)

Minimum

-

19

184

1

1

Surface roughness, Ra (µm)

Minimum

-

0.36

1.77

1

1

𝑀𝑅𝑅 (cm3/min)

Maximum

0.35

3.99

-

1

1

Table 11 Multi-response optimization results for response parameters.
Cutting
Feed
Depth of Composite
Predicted values
Desirability
speed, 𝑉𝑐 rate, 𝑓 cut, 𝑎𝑝
Flank wear, Cutting
𝑉𝐵𝐵 (µm)
81

0.06

0.38

0.63

61

force,
𝐹𝑐 (N)
82

Surface
𝑀𝑅𝑅
roughness, (cm3/min)
Ra (µm)
0.530
1.88
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4.4. SUMMARY AND CONCLUSIONS
In this work, effect of cryogenic turning on Inconel 718 was investigated by experimentally
determining the flank wear, cutting force and Ra surface roughness under cryogenic cutting at
different cutting parameters, namely cutting speed, feed rate and depth of cut and comparing
them with those obtained from flooded and dry conditions. In addition, statistical analyses and
multi-response optimization of parameters were carried out in machining under cryogenic
condition. The optimum values of cutting parameters were determined using desirability
function of response surface methodology (RSM). Following are the main results drawn from
this chapter:
(1) Application of liquid nitrogen to the cutting area lowered the flank wear compared to dry
cutting, resulting in the values as low as the ones from flooded cutting. Abrasion of flank
face of the tool and adhesion of Inconel 718 material were the wear mechanisms in
cryogenic and flooded cutting.
(2) Cutting forces were lower under cryogenic cutting performed at low (110 N at 20 m/min)
and medium (90 N at 70 m/min) cutting speeds than those in flooded (120 N at 20 m/min,
95 N at 70 m/min) whereas high cutting speed of 120 m/min resulted in higher cutting force
compared to flooded cutting (120 N and 100 N).
(3) Ra surface roughness was higher in cryogenic cutting than in flooded cutting for all the
cutting parameters used. Formation of surface defects such as built-up layers and cavities
formed when cutting under cryogenic condition was dependent on the cutting parameters
(cutting speed, feed rate and depth of cut), as opposed to flooded cutting during which there
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was a consistency in obtained surface quality in terms of formation of defects on the
surface.
(4) Experimental results summarized in 1-3 revealed that there could be an optimum set of
values in which cryogenic cutting can provide a performance equivalent to the flooded
cutting. Thus, experiments were designed according to the response surface methodology
(RSM) under cryogenic condition.
(5) Statistical analysis of Inconel 718 subjected to cryogenic cutting revealed that all the
cutting parameters were statistically significant variables and the cutting speed was the
most influential parameter on flank wear. The Cutting speed was statistically significant
and feed rate was marginally significant parameters on cutting force. Feed rate and depth
of cut were the most influential and statistically significant parameters for Ra surface
roughness.
(6) Multi-response optimization using desirability function of RSM showed that a cutting
speed of 81 m/min, a feed rate of 0.06 mm/rev and a depth of cut of 0.63 mm would
constitute an optimum set of cutting parameters for achieving the lowest possible flank
wear (61 µm), cutting force (82 N) and Ra surface roughness (0.530 µm) and the highest
possible MRR (1.88 cm3/min) in cryogenic cutting under the current test condition.
(7) Given the results from the comparison between cryogenic with flooded cutting in
Section 4.3.1, it is predictable that flank wear, cutting force and surface defects be as low
as flooded cutting at the optimum parameters, while Ra surface roughness may still result
in higher values.
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SUMMARY AND GENERAL CONCLUSIONS

5.1. SUMMARY AND CONCLUSIONS
Superalloys are among the important materials in modern applications, as they are extensively
used in various industrial areas ranging from aerospace industry to heat treatment and medical
equipment. However, they are considered as difficult-to-cut materials and manufacturing highquality products out of these alloys are expensive. Thus, use of cutting fluid during the cutting
process is necessary for obtaining desired results in terms of surface quality and production
cost. Consumption of mineral oil cutting fluids, which consist of a significant portion of cutting
fluid usage in machining industry, needs to be reduced because of its environmental and health
hazards. This study investigated utilization of vegetable oil cutting fluid enhanced by addition
of graphene nanoplatelets (GNP) as well as liquid nitrogen (LN2) applied to the cutting area as
alternative methods to mineral-based oil.
The results of this thesis showed that addition of GNP and application of liquid nitrogen to the
cutting area are effective methods to replace mineral-based cutting fluids. However, in order to
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achieve the desired results, these methods should be enhanced and optimized before replacing
the mineral-based oils.
Chapter 3 showed that bio-degradable vegetable-based oils can be significantly improved by
addition of GNPs at a very small fraction. According to the results from tribological analysis
through pin-on-disk tests, this resulted in formation of tribolayer on the tool faces. Formation
of tribolayer reduced the COF in the tool-chip interface which resulted in reduction of cutting
torque compared to flooded and dry cutting conditions. Considering the fact that most of the
cutting energy consumed in the cutting area converts to heat, lower cutting torque resulted in
lower cutting temperature. Low cutting torque and temperature contributed to low adhesion of
material to the cutting edge of the tool. This helped with retention of the original shape of the
cutting edge of the tool, leading to more shearing action, rather than ploughing action, during
the cutting process. Consequently, the surface roughness and subsurface microstructural
deformation significantly decreased when GNP-blending cutting fluid was used compared to
conventional flooded and dry conditions.
It was shown in Chapter 4 that complete omission of cutting fluid during the machining process
is feasible by employing cryogenic cutting. Liquid nitrogen evaporates after contacting the tool
and workpiece surface leaving no contamination which eliminates the cleaning, recycling, and
deposal costs after the machining process. The results from this section showed that Application
of liquid nitrogen to the cutting area lowered the flank wear compared to dry cutting, resulting
in the values as low as the ones from flooded cutting. At the cutting speed of 70 m/min, cutting
force and surface roughness were almost as low as flooded cutting. Thus, experimental results
revealed that there could be an optimum set of values in which cryogenic cutting can provide a
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performance equivalent to the flooded cutting. Thus, experiments were designed according to
the response surface methodology (RSM) under cryogenic condition. Multi-response
optimization using desirability function of RSM showed that a cutting speed of 81 m/min, a
feed rate of 0.06 mm/rev and a depth of cut of 0.63 mm would constitute an optimum set of
cutting parameters
However, there are some shortcomings in implementation of these methods that should be
addressed. Some precautions should be taken when using GNP during the cutting process, as
nanoparticles are considered as hazardous materials. Also, cleaning the machined part and the
machine after the process can be an extra cost. However, the use of graphene nanoplatelets in
the cutting fluid (GCF) seems to be necessary as the conventional flooded cutting is not capable
of eliminating the subsurface microstructural deformation and produce high surface quality
while maintaining high production rate compared to GCF during machining of some critical
parts such as shafts and disks that are used in hot section of turbofan engines, namely
combustion chamber, the turbine and the exhaust.
With respect to cryogenic cutting, on the other hand, the operator needs special personal
protective equipment and needs to take precautions when working with LN2. Also, limitations
regarding the tank taking up a large space as well as the need for filling it up frequently create
some obstacles in using this method in industrial scale. However, after determining the
optimum parameters for each pair of workpieces and cutting tool material the results can be
comparable to conventional flooded cutting while implementing clean production.
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5.2. FUTURE STUDIES
Application of cutting fluid blended with GNP can be applied in other machining processes as
well to evaluate its effectiveness. In addition, an optimization method, such as RSM, Taguchi,
Gray relational analysis, etc., can be employed to investigate more precisely the optimum values
of GNP percentage along with optimum cutting parameters in order to achieve the lowest
possible flank wear, cutting force and surface roughness.
In this study, investigation on the effect of use of liquid nitrogen on cutting performance of
Inconel 718 was conducted in a short distance of 20 mm for each experiment. For the further
and more precise results, cutting process can be carried out in longer cutting distances (or until
the tool life criteria is reached) at the predetermined optimum parameters. Effect of cryogenic
cutting on machined subsurface deformation and chip morphologies are other important aspects
that can be considered in the future works.
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